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PREFACE 


This book is the second edition of a text designed for undergraduate courses in signals and 
systems. While such courses are frequently found in electrical engineering curricula, the 
concepts and techniques that form the core of the subject are of fundamental importance 
in all engineering disciplines. In fact, the scope of potential and actual applications of the 
methods of signal and system analysis continues to expand as engineers are confronted 
with new challenges involving the synthesis or analysis of complex processes. For these 
reasons we feel that a course in signals and systems not only is an essential element in 
an engineering program but also cgn be one of the most rewarding, exciting, and useful 
courses that engineering students take during their undergraduate education. 

Our treatment of the subject of signals and systems in this second edition maintains 
the same general philosophy as in the first edition but with significant rewriting, restructur- 
ing, and additions. These changes are designed to help both the instructor in presenting the 
subject material and the student in mastering it. In the preface to the first edition we stated 
that our overall approach to signals and systems had been guided by the continuing devel- 
opments in technologies for signal and system design and implementation, which made it 
increasingly important for a student to have equal familiarity with techniques suitable for 
analyzing and synthesizing both continuous-time and discrete-time systems. As we write 
the preface to this second edition, that observation and guiding principle are even more 
true than before. Thus, while students studying signals and systems should certainly have 
a solid foundation in disciplines based on the laws of physics, they must also have a firm 
grounding in the use of computers for the analysis of phenomena and the implementation 
of systems and algorithms. As a consequence, engineering curricula now reflect a blend of 
subjects, some involving continuous-time models and others focusing on the use of com- 
puters and discrete representations. For these reasons, signals and systems courses that 
bring discrete-time and continuous-time concepts together in a unified way play an in- 
creasingly important role in the education of engineering students and in their preparation 
for current and future developments in their chosen fields. 

It is with these goals in mind that we have structured this book to develop in parallel 
the methods of analysis for continuous-time and discrete-time signals and systems. This 
approach also offers a distinct and extremely important pedagogical advantage. Specifi- 
cally, we are able to draw on the similarities between continuous- and discrete-time meth- 
ods in order to share insights and intuition developed in each domain. Similarly, we can 
exploit the differences between them to sharpen an understanding of the distinct properties 
of each. 

In organizing the material both originally and now in the second edition, we have 
also considered it essential to introduce the student to some of the important uses of the 
basic methods that are developed in the book. Not only does this provide the student 
with an appreciation for the range of applications of the techniques being learned and for 
directions for further study, but it also helps to deepen understanding of the subject. To 
achieve this goal we include introductory treatments on the subjects of filtering, commu- 


nications, sampling, discrete-time processing of continuous-time signals, and feedback. In 
fact, in one of the major changes in this second edition, we have introduced the concept 
of frequency-domain filtering very early in our treatment of Fourier analysis in order to 
provide both motivation for and insight into this very important topic. In addition, we 
have again included an up-to-date bibliography at the end of the book in order to assist the 
student who is interested in pursuing additional and more advanced studies of the methods 
and applications of signal and system analysis. 

The organization of the book reflects our conviction that full mastery of a subject 
of this nature cannot be accomplished without a significant amount of practice in using 
and applying the tools that are developed. Consequently, in the second edition we have 
significantly increased the number of worked examples within each chapter. We have also 
enhanced one of the key assets of the first edition, namely the end-of-chapter homework 
problems. As in the first edition, we have included a substantial number of problems, 
totaling more than 600 in number. A majority of the problems included here are new and 
thus provide additional flexibility for the instructor in preparing homework assignments. 
In addition, in order to enhance the utility of the problems for both the student and the 
instructor we have made a number of other changes to the organization and presentation of 
the problems. In particular, we have organized the problems in each chapter under several 
specific headings, each of which spans the material in the entire chapter but with a different 
objective. The first two sections of problems in each chapter emphasize the mechanics of 
using the basic concepts and methods presented in the chapter. For the first of these two 
sections, which has the heading Basic Problems with Answers, we have also provided 
answers (but not solutions) at the end of the book. These answers provide a simple and 
immediate way for the student to check his or her understanding of the material. The 
problems in this first section are generally appropriate for inclusion in homework sets. 
Also, in order to give the instructor additional flexibility in assigning homework problems, 
we have provided a second section of Basic Problems for which answers have not been 
included. 

A third section of problems in each chapter, organized under the heading of Ad- 
vanced Problems, is oriented toward exploring and elaborating upon the foundations and 
practical implications of the material in the text. These problems often involve mathe- 
matical derivations and more sophisticated use of the concepts and methods presented in 
the chapter. Some chapters also include a section of Extension Problems which involve 
extensions of material presented in the chapter and/or involve the use of knowledge from 
applications that are outside the scope of the main text (such as advanced circuits or me- 
chanical systems). The overall variety and quantity of problems in each chapter will hope- 
fully provide students with the means to develop their understanding of the material and 
instructors with considerable flexibility in putting together homework sets that are tailored 
to the specific needs of their students. A solutions manual is also available to instructors 
through the publisher. 

Another significant additional enhancement to this second edition is the availability 
of the companion book Explorations in Signals and Systems Using MATLAB by Buck, 
Daniel, and Singer. This book contains MATLAB®-based computer exercises for each 
topic in the text, and should be of great assistance to both instructor and student. 

Students using this book are assumed to have a basic background in calculus as well 
as some experience in manipulating complex numbers and some exposure to differential 


equations. With this background, the book is self-contained. In particular, no prior ехре- 
rience with system analysis, convolution, Fourier analysis, or Laplace and z-transforms is 
assumed. Prior to learning the subject of signals and systems most students will have had 
a course such as basic circuit theory for electrical engineers or fundamentals of dynamics 
for mechanical engineers. Such subjects touch on some of the basic ideas that are devel- 
oped more fully in this text. This background can clearly be of great value to students in 
providing additional perspective as they proceed through the book. 

The Foreword, which follows this preface, is written to offer the reader motivation 
and perspective for the subject of signals and systems in general and our treatment of it 
in particular. We begin Chapter 1 by introducing some of the elementary ideas related to 
the mathematical representation of signals and systems. In particular we discuss trans- 
formations (such as time shifts and scaling) of the independent variable of a signal. We 
also introduce some of the most important and basic continuous-time and discrete-time 
signals, namely real and complex exponentials and the continuous-time and discrete-time 
unit step and unit impulse. Chapter 1 also introduces block diagram representations of in- 
terconnections of systems and discusses several basic system properties such as causality, 
linearity and time-invariance. In Chapter 2 we build on these last two properties, together 
with the sifting property of unit impulses to develop the convolution-sum representation 
for discrete-time linear, time-invariant (LTI) systems and the convolution integral repre- 
sentation for continuous-time LTI systems. In this treatment we use the intuition gained 
from our development of the discrete-time case as an aid in deriving and understanding its 
continuous-time counterpart. We then turn to a discussion of causal, LTI systems charac- 
terized by linear constant-coefficient differential and difference equations. In this introduc- 
tory discussion we review the basic ideas involved in solving linear differential equations 
(to which most students will have had some previous exposure) and we also provide a dis- 
cussion of analogous methods for linear difference equations. However, the primary focus 
of our development in Chapter 2 is not on methods of solution, since more convenient ap- 
proaches are developed later using transform methods. Instead, in this first look, our intent 
is to provide the student with some appreciation for these extremely important classes of 
systems, which will be encountered often in subsequent chapters. Finally, Chapter 2 con- 
cludes with a brief discussion of singularity functions—steps, impulses, doublets, and so 
forth—in the context of their role in the description and analysis of continuous-time LTI 
systems. In particular, we stress the interpretation of these signals in terms of how they 
are defined under convolution— that is, in terms of the responses of LTI systems to these 
idealized signals. 

Chapters 3 through 6 present a thorough and self-contained development of the 
methods of Fourier analysis in both continuous and discrete time and together represent 
the most significant reorganization and revision in the second edition. In particular, as we 
indicated previously, we have introduced the concept of frequency-domain filtering at a 
much earlier point in the development in order to provide motivation for and a concrete 
application of the Fourier methods being developed. As in the first edition, we begin the 
discussions in Chapter 3 by emphasizing and illustrating the two fundamental reasons 
for the important role Fourier analysis plays in the study of signals and systems in both 
continuous and discrete time: (1) extremely broad classes of signals can be represented 
as weighted sums or integrals of complex exponentials; and (2) the response of an LTI 
system to a complex exponential input is the same exponential multiplied by a complex- 


number characteristic of the system. However, in contrast to the first edition, the focus of 
attention in Chapter 3 is on Fourier series representations for periodic signals in both con- 
tinuous time and discrete time. In this way we not only introduce and examine many of the 
properties of Fourier representations without the additional mathematical generalization 
required to obtain the Fourier transform for aperiodic signals, but we also can introduce 
the application to filtering at a very early stage in the development. In particular, tak- 
ing advantage of the fact that complex exponentials are eigenfunctions of LTI systems, 
we introduce the frequency response of an LTI system and use it to discuss the concept 
of frequency-selective filtering, to introduce ideal filters, and to give several examples of 
nonideal filters described by differential and difference equations. In this way, with a min- 
imum of mathematical preliminaries, we provide the student with a deeper appreciation 
for what a Fourier representation means and why it is such a useful construct. 

Chapters 4 and 5 then build on the foundation provided by Chapter 3 as we develop 
first the continuous-time Fourier transform in Chapter 4 and, in a parallel fashion, the 
discrete-time Fourier transform in Chapter 5. In both chapters we derive the Fourier trans- 
form representation of an aperiodic signal as the limit of the Fourier series for a signal 
whose period becomes arbitrarily large. This perspective emphasizes the close relationship 
between Fourier series and transforms, which we develop further in subsequent sections 
and which allows us to transfer the intuition developed for Fourier series in Chapter 3 to the 
more general context of Fourier transforms. In both chapters we have included a discus- 
sion of the many important properties of Fourier transforms, with special emphasis placed 
on the convolution and multiplication properties. In particular, the convolution property 
allows us to take a second look at the topic of frequency-selective filtering, while the 
multiplication property serves as the starting point for our treatment of sampling and mod- 
ulation in later chapters. Finally, in the last sections in Chapters 4 and 5 we use transform 
methods to determine the frequency responses of LTI systems described by differential and 
difference equations and to provide several examples illustrating how Fourier transforms 
can be used to compute the responses for such systems. To supplement these discussions 
(and later treatments of Laplace and z-transforms) we have again included an Appendix at 
the end of the book that contains a description of the method of partial fraction expansion. 

Our treatment of Fourier analysis in these two chapters is characteristic of the par- 
allel treatment we have developed. Specifically, in our discussion in Chapter 5, we are 
able to build on much of the insight developed in Chapter 4 for the continuous-time case, 
and toward the end of Chapter 5 we emphasize the complete duality in continuous-time 
and discrete-time Fourier representations. In addition, we bring the special nature of each 
domain into sharper focus by contrasting the differences between continuous- and discrete- 
time Fourier analysis. 

As those familiar with the first edition will note, the lengths and scopes of Chapters 
4 and 5 in the second edition are considerably smaller than their first edition counterparts. 
This is due not only to the fact that Fourier series are now dealt with in a separate chapter 
but also to our moving several topics into Chapter 6. The result, we believe, has several 
significant benefits. First, the presentation in three shorter chapters of the basic concepts 
and results of Fourier analysis, together with the introduction of the concept of frequency- 
selective filtering, should help the student in organizing his or her understanding of this 
material and in developing some intuition about the frequency domain and appreciation 
for its potential applications. Then, with Chapters 3-5 as a foundation, we can engage in 
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а more detailed look at a number of important topics and applications. In Chapter 6 we 
take a deeper look at both the time- and frequency-domain characteristics of LTI systems. 
For example, we introduce magnitude-phase and Bode plot representations for frequency 
responses and discuss the effect of frequency response phase on the time domain charac- 
teristics of the output of an LTI system. In addition, we examine the time- and frequency- 
domain behavior of ideal and nonideal filters and the tradeoffs between these that must be 
addressed in practice. We also take a careful look at first- and second-order systems and 
their roles as basic building blocks for more complex system synthesis and analysis in both 
continuous and discrete time. Finally, we discuss several other more complex examples 
of filters in both continuous and discrete time. These examples together with the numer- 
ous other aspects of filtering explored in the problems at the end of the chapter provide 
the student with some appreciation for the richness and flavor of this important subject. 
While each of the topics in Chapter 6 was present in the first edition, we believe that by 
reorganizing and collecting them in a separate chapter following the basic development 
of Fourier analysis, we have both simplified the introduction of this important topic in 
Chapters 3-5 and presented in Chapter 6 a considerably more cohesive picture of time- 
and frequency-domain issues. 

In response to suggestions and preferences expressed by many users of the first edi- 
tion we have modified notation in the discussion of Fourier transforms to be more con- 
sistent with notation most typically used for continuous-time and discrete-time Fourier 
transforms. Specifically, beginning with Chapter 3 we now denote the continuous-time 
Fourier transform as X( jc) and the discrete-time Fourier transform as X(e/”). As with all 
options with notation, there is not a unique best choice for the notation for Fourier trans- 
forms. However, it is our feeling, and that of many of our colleagues, that the notation used 
in this edition represents the preferable choice. 

Our treatment of sampling in Chapter 7 is concerned primarily with the sampling 
theorem and its implications. However, to place this subject in perspective we begin by dis- 
cussing the general concepts of representing a continuous-time signal in terms of its sam- 
ples and the reconstruction of signals using interpolation. After using frequency-domain 
methods to derive the sampling theorem, we consider both the frequency and time do- 
mains to provide intuition concerning the phenomenon of aliasing resulting from under- 
sampling. One of the very important uses of sampling is in the discrete-time processing of 
continuous-time signals, a topic that we explore at some length in this chapter. Following 
this, we turn to the sampling of discrete-time signals. The basic result underlying discrete- 
time sampling is developed in a manner that parallels that used in continuous time, and 
the applications of this result to problems of decimation and interpolation are described. 
Again a variety of other applications, in both continuous and discrete time, are addressed 
in the problems. 

Once again the reader acquainted with our first edition will note a change, in this case 
involving the reversal in the order of the presentation of sampling and communications. We 
have chosen to place sampling before communications in the second edition both because 
we can call on simple intuition to motivate and describe the processes of sampling and 
reconstruction from samples and also because this order of presentation then allows us 
in Chapter 8 to talk more easily about forms of communication systems that are closely 
related to sampling or rely fundamentally on using a sampled version of the signal to be 
transmitted. 


Our treatment of communications in Chapter 8 includes an in-depth discussion of 
continuous-time sinusoidal amplitude modulation (AM), which begins with the straight- 
forward application of the multiplication property to describe the effect of sinusoidal AM 
in the frequency domain and to suggest how the original modulating signal can be recov- 
ered. Following this, we develop a number of additional issues and applications related 
to sinusoidal modulation, including frequency-division multiplexing and single-sideband 
modulation. Many other examples and applications are described in the problems. Several 
additional topics are covered in Chapter 8. The first of these is amplitude modulation of 
a pulse train and time-division multiplexing, which has a close connection to the topic of 
sampling in Chapter 7. Indeed we make this tie even more explicit and provide a look into 
the important field of digital communications by introducing and briefly describing the 
topics of pulse-amplitude modulation (PAM) and intersymbol interference. Finally, our 
discussion of frequency modulation (FM) provides the reader with a look at a nonlinear 
modulation problem. Although the analysis of FM systems is not as straightforward as for 
the AM case, our introductory treatment indicates how frequency-domain methods can 
be used to gain a significant amount of insight into the characteristics of FM signals and 
systems. Through these discussions and the many other aspects of modulation and com- 
munications explored in the problems in this chapter we believe that the student can gain 
an appreciation both for the richness of the field of communications and for the central 
role that the tools of signals and systems analysis play in it. 

Chapters 9 and 10 treat the Laplace and z-transforms, respectively. For the most part, 
we focus on the bilateral versions of these transforms, although in the last section of each 
chapter we discuss unilateral transforms and their use in solving differential and differ- 
ence equations with nonzero initial conditions. Both chapters include discussions on: the 
close relationship between these transforms and Fourier transforms; the class of rational 
transforms and their representation in terms of poles and zeros; the region of convergence 
of a Laplace or z-transform and its relationship to properties of the signal with which it is 
associated; inverse transforms using partial fraction expansion; the geometric evaluation 
of system functions and frequency responses from pole-zero plots; and basic transform 
properties. In addition, in each chapter we examine the properties and uses of system 
functions for LTI systems. Included in these discussions are the determination of system 
functions for systems characterized by differential and difference equations; the use of sys- 
tem function algebra for interconnections of LTI systems; and the construction of cascade, 
parallel- and direct-form block-diagram representations for systems with rational system 
functions. 

The tools of Laplace and z-transforms form the basis for our examination of linear 
feedback systems in Chapter 11. We begin this chapter by describing a number of the 
important uses and properties of feedback systems, including stabilizing unstable systems, 
designing tracking systems, and reducing system sensitivity. In subsequent sections we use 
the tools that we have developed in previous chapters to examine three topics that are of 
importance for both continuous-time and discrete-time feedback systems. These are root 
locus analysis, Nyquist plots and the Nyquist criterion, and log-magnitude/phase plots and 
the concepts of phase and gain margins for stable feedback systems. 

The subject of signals and systems is an extraordinarily rich one, and a variety of 
approaches can be taken in designing an introductory course. It was our intention with 
the first edition and again with this second edition to provide instructors with a great deal of 
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flexibility in structuring their presentations of the subject. To obtain this flexibility and to 
maximize the usefulness of this book for instructors, we have chosen to present thorough, 
in-depth treatments of a cohesive set of topics that forms the core of most introductory 
courses on signals and systems. In achieving this depth we have of necessity omitted in- 
troductions to topics such as descriptions of random signals and state space models that are 
sometimes included in first courses on signals and systems. Traditionally, at many schools, 
such topics are not included in introductory courses but rather are developed in more depth 
in follow-on undergraduate courses or in courses explicitly devoted to their investigation. 
Although we have not included an introduction to state space in the book, instructors of 
introductory courses can easily incorporate it into the treatments of differential and dif- 
ference equations that can be found throughout the book. In particular, the discussions 
in Chapters 9 and 10 on block diagram representations for systems with rational system 
functions and on unilateral transforms and their use in solving differential and difference 
equations with initial conditions form natural points of departure for the discussions of 
state-space representations. 

A typical one-semester course at the sophomore-junior level using this book would 
cover Chapters 1-5 in reasonable depth (although various topics in each chapter are easily 
omitted at the discretion of the instructor) with selected topics chosen from the remaining 
chapters. For example, one possibility is to present several of the basic topics in Chapters 
6-8 together with a treatment of Laplace and z-transforms and perhaps a brief introduction 
to the use of system function concepts to analyze feedback systems. A variety of alternate 
formats are possible, including one that incorporates an introduction to state space or one 
in which more focus is placed on continuous-time systems by de-emphasizing Chapters 5 
and 10 and the discrete-time topics in Chapters 3, 7, 8, and 11. 

In addition to these course formats this book can be used as the basic text for a 
thorough, two-semester sequence on linear systems. Alternatively, the portions of the book 
not used in a first course on signals and systems can, together with other sources, form the 
basis for a subsequent course. For example, much of the material in this book forms a direct 
bridge to subjects such as state space analysis, control systems, digital signal processing, 
communications and statistical signal processing. Consequently, a follow-on course can be 
constructed that uses some of the topics in this book together with supplementary material 
in order to provide an introduction to one or more of these advanced subjects. In fact, a 
new course following this model has been developed at MIT and has proven not only to 
be a popular course among our students but also a crucial component of our signals and 
systems curriculum. 

As it was with the first edition, in the process of writing this book we have been for- 
tunate to have received assistance, suggestions, and support from numerous colleagues, 
students and friends. The ideas and perspectives that form the heart of this book have 
continued to evolve as a result of our own experiences in teaching signals and systems 
and the influences of the many colleagues and students with whom we have worked. We 
would like to thank Professor Ian T. Young for his contributions to the first edition of this 
book and to thank and welcome Professor Hamid Nawab fox the significant role he played 
in the development and complete restructuring of the examples and problems for this sec- 
ond edition. We also express our appreciation to John Buck, Michael Daniel and Andrew 
Singer for writing the MATLAB companion to the text. In addition, we would like to 
thank Jason Oppenheim for the use of one of his original photographs and Vivian Berman 
for her ideas and help in arriving at a cover design. Also, as indicated on the acknowledg- 


ment page that follows, we are deeply grateful to the many students and colleagues who 
devoted a significant number of hours to a variety of aspects of the preparation of this 
second edition. 
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vices, Inc. for their generous and continued support of signal processing and this text 
through funding of the Distinguished Professor Chair in Electrical Engineering. We also 
thank M.I.T. for providing support and an invigorating environment in which to develop 
our ideas. 
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FOREWORD 


The concepts of signals and systems arise in a wide variety of fields, and the ideas and 
techniques associated with these concepts play an important role in such diverse areas of 
science and technology as communications, aeronautics and astronautics, circuit design, 
acoustics, seismology, biomedical engineering, energy generation and distribution sys- 
tems, chemical process control, and speech processing. Although the physical nature of 
the signals and systems that arise in these various disciplines may be drastically different, 
they all have two very basic features in common. The signals, which are functions of one 
or more independent variables, contain information about the behavior or nature of some 
phenomenon, whereas the systems respond to particular signals by producing other sig- 
nals or some desired behavior. Voltages and currents as a function of time in an electrical 
circuit are examples of signals, and a circuit is itself an example of a system, which in this 
case responds to applied voltages and currents. As another example, when an automobile 
driver depresses the accelerator pedal, the automobile responds by increasing the speed 
of the vehicle. In this case, the system is the automobile, the pressure on the accelerator 
pedal the input to the system, and the automobile speed the response. A computer program 
for the automated diagnosis of electrocardiograms can be viewed as a system which has as 
its input a digitized electrocardiogram and which produces estimates of parameters such 
as heart rate as outputs. A camera is a system that receives light from different sources 
and reflected from objects and produces a photograph. A robot arm is a system whose 
movements are the response to control inputs. 

In the many contexts in which signals and systems arise, there are a variety of prob- 
lems and questions that are of importance. In some cases, we are presented with a specific 
system and are interested in characterizing it in detail to understand how it will respond to 
various inputs. Examples include the analysis of a circuit in order to quantify its response 
to different voltage and current sources and the determination of an aircraft’s response 
characteristics both to pilot commands and to wind gusts. 

In other problems of signal and system analysis, rather than analyzing existing sys- 
tems, our interest may be focused on designing systems to process signals in particular 
ways. One very common context in which such problems arise is in the design of systems 
to enhance or restore signals that have been degraded in some way. For example, when 
a pilot is communicating with an air traffic control tower, the communication can be de- 
graded by the high level of background noise in the cockpit. In this and many similar cases, 
it is possible to design systems that will retain the desired signal, in this case the pilot’s 
voice, and reject (at least approximately) the unwanted signal, i.e., the noise. A similar 
set of objectives can also be found in the general area of image restoration and image 
enhancement. For example, images from deep space probes or earth-observing satellites 
typically represent degraded versions of the scenes being imaged because of limitations of 
the imaging equipment, atmospheric effects, and errors in signal transmission in returning 
the images to earth. Consequently, images returned from space are routinely processed 
by systems to compensate for some of these degradations. In addition, such images are usu- 


ally processed to enhance certain features, such as lines (corresponding, for example, to 
river beds or faults) or regional boundaries in which there are sharp contrasts in color or 
darkness. 

In addition to enhancement and restoration, in many applications there is a need to 
design systems to extract specific pieces of information from signals. The estimation of 
heart rate from an electrocardiogram is one example. Another arises in economic forecast- 
ing. We may, for example, wish to analyze the history of an economic time series, such as 
a set of stock market averages, in order to estimate trends and other characteristics such 
as seasonal variations that may be of use in making predictions about future behavior. In 
other applications, the focus may be on the design of signals with particular properties. 
Specifically, in communications applications considerable attention is paid to designing 
signals to meet the constraints and requirements for successful transmission. For exam- 
ple, long distance communication through the atmosphere requires the use of signals with 
frequencies in a particular part of the electromagnetic spectrum. The design of communi- 
cation signals must also take into account the need for reliable reception in the presence 
of both distortion due to transmission through the atmosphere and interference from other 
signals being transmitted simultaneously by other users. 

Another very important class of applications in which the concepts and techniques 
of signal and system analysis arise are those in which we wish to modify or control the 
characteristics of a given system, perhaps through the choice of specific input signals or 
by combining the system with other systems. Illustrative of this kind of application is the 
design of control systems to regulate chemical processing plants. Plants of this type are 
equipped with a variety of sensors that measure physical signals such as temperature, hu- 
midity, and chemical composition. The control system in such a plant responds to these 
sensor signals by adjusting quantities such as flow rates and temperature in order to regu- 
late the ongoing chemical process. The design of aircraft autopilots and computer control 
systems represents another example. In this case, signals measuring aircraft speed, alti- 
tude, and heading are used by the aircraft's control system in order to adjust variables such 
as throttle setting and the position of the rudder and ailerons. These adjustments are made 
to ensure that the aircraft follows a specified course, to smooth out the aircraft's ride, and 
to enhance its responsiveness to pilot commands. In both this case and in the previous ex- 
ample of chemical process control, an important concept, referred to as feedback, plays a 
major role, as measured signals are fed back and used to adjust the response characteristics 
of a system. 

The examples in the preceding paragraphs represent only a few of an extraordinarily 
wide variety of applications for the concepts of signals and systems. The importance of 
these concepts stems not only from the diversity of phenomena and processes in which 
they arise, but also from the collection of ideas, analytical techniques, and methodologies 
that have been and are being developed and used to solve problems involving signals and 
systems. The history of this development extends back over many centuries, and although 
most of this work was motivated by specific applications, many of these ideas have proven 
to be of central importance to problems in a far larger variety of contexts than those for 
which they were originally intended. For example, the tools of Fourier analysis, which 
form the basis for the frequency-domain analysis of signals and systems, and which we 
will develop in some detail in this book, can be traced from problerns of astronomy studied 
by the ancient Babylonians to the development of mathematical physics in the eighteenth 
and nineteenth centuries. 


In some of the examples that we have mentioned, the signals vary continuously in 
time, whereas in others, their evolution is described only at discrete points in time. For 
example, in the analysis of electrical circuits and mechanical systems we are concerned 
with signals that vary continuously. On the other hand, the daily closing stock market 
average is by its very nature a signal that evolves at discrete points in time (i.e., at the 
close of each day). Rather than a curve as a function of a continuous variable, then, the 
closing stock market average is a sequence of numbers associated with the discrete time 
instants at which it is specified. This distinction in the basic description of the evolution of 
signals and of the systems that respond to or process these signals leads naturally to two 
parallel frameworks for signal and system analysis, one for phenomena and processes that 
are described in continuous time and one for those that are described in discrete time. 

The concepts and techniques associated both with continuous-time signals and sys- 
tems and with discrete-time signals and systems have a rich history and are conceptually 
closely related. Historically, however, because their applications have in the past been suf- 
ficiently different, they have for the most part been studied and developed somewhat sepa- 
rately. Continuous-time signals and systems have very strong roots in problems associated 
with physics and, in the more recent past, with electrical circuits and communications. 
The techniques of discrete-time signals and systems have strong roots in numerical analy- 
sis, Statistics, and time-series analysis associated with such applications as the analysis of 
economic and demographic data. Over the past several decades, however, the disciplines 
of continuous-time and discrete-time signals and systems have become increasingly en- 
twined and the applications have become highly interrelated. The major impetus for this 
has come from the dramatic advances in technology for the implementation of systems 
and for the generation of signals. Specifically, the continuing development of high-speed 
digital computers, integrated circuits, and sophisticated high-density device fabrication 
techniques has made it increasingly advantageous to consider processing continuous-time 
signals by representing them by time samples (i.e., by converting them to discrete-time 
signals). As one example, the computer control system for a modern high-performance 
aircraft digitizes sensor outputs such as vehicle speed in order to produce a sequence of 
sampled measurements which are then processed by the control system. 

Because of the growing interrelationship between continuous-time signals and sys- 
tems and discrete-time signals and systems and because of the close relationship among 
the concepts and techniques associated with each, we have chosen in this text to develop 
the concepts of continuous-time and discrete-time signals and systems in parallel. Since 
many of the *»ncepts are similar (but not identical), by treating them in parallel, insight 
and intuition can be shared and both the similarities and differences between them become 
better focused. In addition, as will be evident as we proceed through the material, there 
are some concepts that are inherently easier to understand in one framework than the other 
and, once understood, the insight is easily transferable. Furthermore, this parallel treatment 
greatly facilitates our understanding of the very important practical context in which con- 
tinuous and discrete time are brought together, namely the sampling of continuous-time 
signals and the processing of continuous-time signals using discrete-time systems. 

As we have so far described them, the notions of signals and systems are extremely 
general concepts. At this level of generality, however, only the most sweeping statements 
can be made about the nature of signals and systems, and their properties can be discussed 
only in the most elementary terms. On the other hand, an important and fundamental notion 
in dealing with signals and systems is that by carefully choosing subclasses of each with 
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particular properties that can then be exploited, we can analyze and characterize these 
signals and systems in great depth. The principal focus in this book is on the particular 
class of linear time-invariant systems. The properties of linearity and time invariance that 
define this class lead to a remarkable set of concepts and techniques which are not only of 
major practical importance but also analytically tractable and intellectually satisfying. 

As we have emphasized in this foreword, signal and system analysis has a long his- 
tory out of which have emerged some basic techniques and fundamental principles which 
have extremely broad areas of application. Indeed, signal and system analysis is constantly 
evolving and developing in response to new problems, techniques, and opportunities. We 
fully expect this development to accelerate in pace as improved technology makes possi- 
ble the implementation of increasingly complex systems and signal processing techniques. 
In the future we will see signals and systems tools and concepts applied to an expanding 
scope of applications. For these reasons, we feel that the topic of signal and system analy- 
sis represents a body of knowledge that is of essential concern to the scientist and engineer. 
We have chosen the set of topics presented in this book, the organization of the presen- 
tation, and the problems in each chapter in a way that we feel will most help the reader 
to obtain a solid foundation in the fundamentals of signal and system analysis; to gain an 
understanding of some of the very important and basic applications of these fundamentals 
to problems in filtering, sampling, communications, and feedback system analysis; and to 
develop some appreciation for an extremely powerful and broadly applicable approach to 
formulating and solving complex problems. 
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SIGNALS AND SYSTEMS 





1.0 INTRODUCTION 


As described in the Foreword, the intuitive notions of signals and systems arise in a rich va- 
riety of contexts. Moreover, as we will see in this book, there is an analytical framework— 
that is, a language for describing signals and systems and an extremely powerful set of tools 
for analyzing them—that applies equally well to problems in many fields. In this chapter, 
we begin our development of the analytical framework for signals and systems by intro- 
ducing their mathematical description and representations. In the chapters that follow, we 
build on this foundation in order to develop and describe additional concepts and methods 
that add considerably both to our understanding of signals and systems and to our ability 
to analyze and solve problems involving signals and systems that arise in a broad array of 
applications. 


1.1 CONTINUOUS-TIME AND DISCRETE-TIME SIGNALS 


1.1.1 Examples and Mathematical Representation 


Signals may describe a wide variety of physical phenomena. Although signals can be rep- 
resented in many ways, in all cases the information in a signal is contained in a pattern of 
variations of some form. For example, consider the simple circuit in Figure 1.1. In this case, 
the patterns of variation over time in the source and capacitor voltages, vs and v,, are exam- 
ples of signals. Similarly, as depicted in Figure 1.2, the variations over time of the applied 
force f and the resulting automobile velocity v are signals. As another example, consider 
the human vocal mechanism, which produces speech by creating fluctuations in acous- 
tic pressure. Figure 1.3 is an illustration of a recording of such a speech signal, obtained by 
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Figure 1.1 А simple АС circuit with source Figure 1.2 An automobile responding to an 

voltage v, and capacitor voltage vo. applied force f from the engine and to a re- 
tarding frictional force pv proportional to the 
automobile’s velocity v. 





a ш шш 


Figure 1.3 Example of a record- 
ing of speech. [Adapted from Ap- 
i i i i i i i х | plications of Digital Signal Process- 
1 i ! i i i ı ing, AN. Oppenheim, ed. (Englewood 
' 1 i i 1 | i ı Cliffs, N.J.: Prentice-Hall, Inc., 1978), 
i Р í н ; х i i ‚ p. 121.] The signal represents acous- 
wi T a eh | "a 77777777 tic pressure variations as a function 

| | of time for the spoken words “should 

we chase.” The top line of the figure 

ОРНОСО RSTO A ey ood Oe ewe Ыбы corresponds to the word “should,” 
4 : | К | ; { ; ı the second line to the word "we," 
, and the last two lines to the word 
"chase." (We have indicated the ap- 
i : t i Н i H i ı proximate beginnings and endings 
of each successive sound in each 
word.) 


using a microphone to sense variations in acoustic pressure, which are then converted into 
an electrical signal. As can be seen in the figure, different sounds correspond to different 
patterns in the variations of acoustic pressure, and the human vocal system produces intel- 
ligible speech by generating particular sequences of these patterns. Alternatively, for the 
monochromatic picture, shown in Figure 1.4, it is the pattern of variations in brightness 
across the image that is important. 
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ES Figure 1.4 A monochromatic 
= picture. 





Signals are represented mathematically as functions of one or more independent 
variables. For example, a speech signal can be represented mathematically by acoustic 
pressure as a function of time, and a picture can be represented by brightness as a func- 
tion of two spatial variables. In this book, we focus our attention on signals involving a 
single independent variable. For convenience, we will generally refer to the independent 
variable as time, although it may not in fact represent time in specific applications. For 
example, in geophysics, signals representing variations with depth of physical quantities 
such as density, porosity, and electrical resistivity are used to study the structure of the 
earth. Also, knowledge of the variations of air pressure, temperature, and wind speed with 
altitude are extremely important in meteorological investigations. Figure 1.5 depicts a typ- 
ical example of annual average vertical wind profile as a function of height. The measured 
variations of wind speed with height are used in examining weather patterns, as well as 
wind conditions that may affect an aircraft during final approach and landing. 

Throughout this book we will be considering two basic types of signals: continuous- 
time signals and discrete-time signals. In the case of continuous-time signals the inde- 
pendent variable is continuous, and thus these signals are defined for a continuum of values 


6 
3 Figure 1.5 Typical annual vertical 
2 wind profile. (Adapted from Crawford 
and Hudson, National Severe Storms 
о 200 400 600 800 1,000 1,200 1,400 1,600 laboratory Report, ESSA ERLTM-NSSL 
Height (feet) 48, August 1970.) 
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Jan. 5,1929 Jan. 4,1930 


Figure 1.6 An example of a discrete-time signal: The weekly Dow-Jones 
stock market index from January 5, 1929, to January 4, 1930. 


of the independent variable. On the other hand, discrete-time signals are defined only at 
discrete times, and consequently, for these signals, the independent variable takes on only 
a discrete set of values. A speech signal as a function of time and atmospheric pressure 
as a function of altitude are examples of continuous-time signals. The weekly Dow-Jones 
stock market index, as illustrated in Figure 1.6, is an example of a discrete-time signal. 
Other examples of discrete-time signals can be found in demographic studies in which 
various attributes, such as average budget, crime rate, or pounds of fish caught, are tab- 
ulated against such discrete variables as family size, total population, or type of fishing 
vessel, respectively. 

To distinguish between continuous-time and discrete-time signals, we will use the 
symbol ¢ to denote the continuous-time independent variable and л to denote the discrete- 
time independent variable. In addition, for continuous-time signals we will enclose the 
independent variable in parentheses (-), whereas for discrete-time signals we will use 
brackets [-] to enclose the independent variable. We will also have frequent occasions 
when it will be useful to represent signals graphically. Illustrations of a continuous-time 
signal x(t) and a discrete-time signal x[n] are shown in Figure 1.7. It is important to note 
that the discrete-time signal x[n] is defined only-for integer values of the independent 
variable. Our choice of braphical representation for x[n] emphasizes this fact, and for 
further emphasis we will on occasion refer to x[n] as a discrete-time sequence. 

A discrete-time signal x[n] may represent a phenomenon for which the independent 
variable is inherently discrete. Signals such as demographic data are examples of this. On 
the other hand, a very important class of discrete-time signals arises from the sampling of 
continuous-time signals. In this case, the discrete-time signal x[n] represents successive 
samples of an underlying phenomenon for which the independent variable is continuous. 
Because of their speed, computational power, and flexibility, modern digital processors are 
used to implement many practical systems, ranging from digital autopilots to digital audio 
systems. Such systems require the use of discrete-time sequences representing sampled 
versions of continuous-time signals—e.g., aircraft position, velocity, and heading for an 
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Figure 1.7 Graphical representations of (a) continuous-time and (b) discrete- 
time signals. 


autopilot or speech and music for an audio system. Also, pictures in newspapers—or in this 
book, for that matter—actually consist of a very fine grid of points, and each of these points 
represents a sample of the brightness of the corresponding point in the original image. No 
matter what the source of the data, however, the signal x[n] is defined only for integer 
values of n. It makes no more sense to refer to the 35th sample of a digital speech signal 
than it does to refer to the average budget for a family with 23 family members. 

Throughout most of this book we will treat discrete-time signals and continuous-time 
signals separately but in parallel, so that we can draw on insights developed in one setting 
to aid our understanding of another. In Chapter 7 we will return to the question of sampling, 
and in that context we will bring continuous-time and discrete-time concepts together in 
order to examine the relationship between a continuous-time signal and a discrete-time 
signal obtained from it by sampling. 


1.1.2 Signal Energy and Power 


From the range of examples provided so far, we see that signals may represent a broad 
variety of phenomena. In many, but not all, applications, the signals we consider are di- 
rectly related to physical quantities capturing power and energy in a physical system. For 
example, if v(t) and i(t) are, respectively, the voltage and current across a resistor with 
resistance R, then the instantaneous power is 


p(t) = v(t)i(t) = ar, (1.1) 
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The total energy expended over the time interval t; = f = t2 is 


о h 
| pod = | 1да, (1.2) 
t n R 


1 1 


and the average power over this time interval is 


* а L [loma 1.3 
| roar- | por (1.3) 
Similarly, for the automobile depicted in Figure 1.2, the instantaneous power dissipated 
through friction is p(t) = bv?(t), and we can then define the total energy and average 
power over a time interval in the same way as in eqs. (1.2) and (1.3). 

With simple physical examples such as these as motivation, it is a common and 
worthwhile convention to use similar terminology for power and energy for ary continuous- 
time signal x(t) or any discrete-time signal x[n]. Moreover, as we will see shortly, we will 
frequently find it convenient to consider signals that take on complex values. In this case, 
the total energy over the time interval t; = t = f in a continuous-time signal x(t) is 
defined as 








2—1 


[ |х(9|?@, (1.4) 


where |x| denotes the magnitude of the (possibly complex) number x. The time-averaged 
power is obtained by dividing eq. (1.4) by the length, t2 — tı, of the time interval. Simi- 
larly, the total energy in a discrete-time signal x[n] over the time interval пу = n = m is 
defined as 


n? 


> boi, (1.5) 


n-n| 


and dividing by the number of points in the interval, n? — nı + 1, yields the average power 
over the interval. It is important to remember that the terms “power” and “energy” are used 
here independently of whether the quantities in eqs. (1.4) and (1.5) actually are related to 
physical energy.! Nevertheless, we will find it convenient to use these terms in a general 
fashion. 

Furthermore, in many systems we will be interested in examining power and energy 
in signals over an infinite time interval, i.e., for —o» < t < +% or for —œ < n < +0, In 
these cases, we define the total energy as limits of eqs. (1.4) and (1.5) as the time interval 
increases without bound. That is, in continuous time, 


T +0 
E, ё Jim | хор аг = | Ol de, (1.6) 
—9j-T =ð 
and in discrete time, 
x +N +0 
Е. = lim > ji? = 7 tP. (1.7) 
n--N n--—o 


'Even if such a relationship does exist, eqs. (1.4) and (1.5) may have the wrong dimensions and scalings. 
For example, comparing eqs. (1.2) and (1.4), we see that if x(t) represents the voltage across a resistor, then 
eq. (1.4) must be divided by the resistance (measured, for example, in ohms) to obtain units of physical energy. 
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Note that for some signals the integral in eq. (1.6) or sum in eq. (1.7) might not converge— 
e.g., if x(t) or x[n] equals a nonzero constant value for all time. Such signals have infinite 
energy, while signals with E. < œ have finite energy. 

In an analogous fashion, we can define the time-averaged power over an infinite 


interval as 
p, 2 lim T i |x(t)|? at (1.8) 
2Т 
апа 
р. tim 1 5 млр (1.9) 
“т das2N + 1 i 


in continuous time and discrete time, respectively. With these definitions, we can identify 
three important classes of signals. The first of these is the class of signals with finite total 
energy, i.e., those signals for which E» < œ. Such a signal must have zero average power, 
since in the continuous time case, for example, we see from eq. (1.8) that 
Ex 

fa = 77-а 
An example of a finite-energy signal is a signal that takes on the value 1 forO = ¢ < 1 
and 0 otherwise. In this case, E; = 1 and P. = 0. 

A second class of signals are those with finite average power P... From what we 
have just seen, if Р > 0, then, of necessity, Eo = ©. This, of course, makes sense, since 
if there is a nonzero average energy per unit time (i.e., nonzero power), then integrating 
or summing this over an infinite time interval yields an infinite amount of energy. For 
example, the constant signal x[n] = 4 has infinite energy, but average power P. = 16. 
There are also signals for which neither P. nor E. are finite. A simple example is the 
signal x(t) = t. We will encounter other examples of signals in each of these classes in 
the remainder of this and the following chapters. ' 


0. (1.10) 


1.2 TRANSFORMATIONS OF THE INDEPENDENT VARIABLE 


A central concept in signal and system analysis is that of the transformation of a signal. 
For example, in an aircraft control system, signals corresponding to the actions of the pilot 
are transformed by electrical and mechanical systems into changes in aircraft thrust or 
the positions of aircraft control surfaces such as the rudder or ailerons, which in turn are 
transformed through the dynamics and kinematics of the vehicle into changes in aircraft 
velocity and heading. Also, in a high-fidelity audio system, an input signal representing 
music as recorded on a cassette or compact disc is modified in order to enhance desirable 
characteristics, to remove recording noise, or to balance the several components of the 
signal (e.g., treble and bass). In this section, we focus on a very limited but important class 
of elementary signal transformations that involve simple modification of the independent 
variable, i.e., the time axis. As we will see in this and subsequent sections of this chapter, 
these elementary transformations allow us to introduce several basic properties of signals 
and systems. In later chapters, we will find that they also play an important role in defining 
and characterizing far richer and important classes of systems. 
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1.2.1 Examples of Transformations of the Independent Variable 


A simple and very important example of transforming the independent variable of a signal 
is a time shift. A time shift in discrete time is illustrated in Figure 1.8, in which we have 
two signals x[n] and x[n — no] that are identical in shape, but that are displaced or shifted 
relative to each other. We will also encounter time shifts in continuous time, as illustrated 
in Figure 1.9, in which x(t — to) represents a delayed (if tọ is positive) or advanced (if to 
is negative) version of x(t). Signals that are related in this fashion arise in applications 
such as radar, sonar, and seismic signal processing, in which several receivers at different 
locations observe a signal being transmitted through a medium (water, rock, air, etc.). In 
this case, the difference in propagation time from the point of origin of the transmitted 
signal to any two receivers results in a time shift between the signals at the two receivers. 

A second basic transformation of the time axis is that of time reversal. For example, 
as illustrated in Figure 1.10, the signal х[— л] is obtained from the signal x[n] by a reflec- 
tion about л = 0 (i.e., by reversing the signal). Similarly, as depicted in Figure 1.11, the 
signal x(—1) is obtained from the signal x(t) by a reflection about г == 0. Thus, if x(t) rep- 
resents an audio tape recording, then х(—/) is the same tape recording played backward. 
Another transformation is that of time scaling. In Figure 1.12 we have illustrated three 
signals, x(t), x(2t), and x(t/2), that are related by linear scale changes in the independent 
variable. If we again think of the example of x(t) as a tape recording, then x(21) is that 
recording played at twice the speed, and x(t/2) is the recording played at half-speed. 

It is often of interest to determine the effect of transforming the independent variable 
of a given signal x(t) to obtain a signal of the form x(at + В), where o and [В are given 
numbers. Such a transformation of the independent variable preserves the shape of x(t), 
except that the resulting signal may be linearly stretched if |o| < 1, linearly compressed 
if |a| > 1, reversed in time if a < 0, and shifted in time if B is nonzero. This is illustrated 
in the following set of examples. 


x[n] 





x[n—- ng] 


Figure 1.8  Discrete-time signals 
related by a time shift. In this figure 
по > 0, so that x[n — ny] is a delayed 
verson of x[n] (i.e., each point in x[n] 
occurs later in [п — пу]). 
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x(n] 
x(t) 
t n 
x(t+tg) 00) 
to t 
0 
Figure 1.9 Continuous-time signals related 
by a time shift. In this figure & < 0, so that (b) 
x(t — %) is an advanced version of x(t) (i.e., 
each point in x(t) occurs at an earlier time in Figure 1.10 (а) A discrete-time signal x[n]; (b) its reflec- 
x(t — b)). tion x[—n] about n = 0. 
x(t) 
x(t) 
t 
0 t 
x(2t) 
(a) 
x(—t) 
t 
x(t/2) 
0 t — 
(b) t 
Figure 1.11 (a) A continuous-time signal x(t); (b) its Figure 1.12  Continuous-time signals 


reflection x(—f) about t = 0. related by time scaling. 
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Example 1.1 


— Given the signal x(t) shown in Figure 1.13(a), the signal x(t + 1) corresponds to an 
-~ advance (shift to the left) by one unit along the : axis as illustrated in Figure 1.13(b). 


~ Specifically, we note that the value of x(t) att = f occurs in x(t + 1) att = tọ — 1. For 





z x(t) 
t 
0 1 2 
(a) 
1| x(t+1) 
t 
| =1 0 1 2 
j (b) 
1 х(—ї+1) 
t 
—1 0 1 
(c) 
3 
4 x(5 t) 
t 
0 2/3 4/3 
(а) 
1 х(3\ +1) 


-2/3 0 2/3 
(е) 





Figure 1.13 (а) The continuous-time signal x(t) used in Examples 1.1-1.3 
to illustrate transformations of the independent variable; (b) the time-shifted 
signal x(t + 1); (c) the signal x(—t + 1) obtained by a time shift and a time 
reversal; (d) the time-scaled signal х(2 t); and (е) the signal x(t + 1) obtained 
by time-shifting and scaling. 
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example, the value of x(t) at ! = 1 is found in x(t + 1) at t = 1 — 1 = 0. Also, since 
_ x(t) is zero for t < 0, we have x(t + 1) zero for t < — 1. Similarly, since x(t) is zero for 
> 2, x(t + 1) is zero for t > 1. 
Let us also consider the signal x(—t + 1), which may be obtained by replacing t 
with —t in x(t + 1). That is, x(—t + 1) is the time reversed version of x(t + 1). Thus, 
x(—t + 1) may be obtained graphically by reflecting x(t + 1) about the t axis as shown 
іп Figure 1.13(c). 






Example 1.2 


Given the signal x(t), shown in Figure 1.13(a), the signal x3 t) corresponds to a linear 
ompression of x(t) by a factor of $ as illustrated i in Figure 1. i 3(d). Specifically we note 
_ that the value of x(f) at t = to occurs in x(3 a att = 210. For example, the value of 
- x(t) at t = 1 is found in x3 thatt = 2 (1) = 2. Also, since x(t) i 18 zero for t < 0, we 
- have x(3 t) zero for t < 0. Similarly, since x(t) i is zero for t > 2, x(31) i is zero fort > 1 3 









Example 1.3 


* Suppose that we would like to determine the effect of transforming the independent vari- 
able of a given signal, x(t), to obtain a signal of the form x(at + 3), where а and В are 
given numbers. A systematic approach to doing this is to first delay or advance x(t) in 
. accordance with the value of 8, and then to perform time scaling and/or time reversal on 
_ the resulting signal in accordance with the value of a. The delayed or advanced signal is 
linearly stretched if |a| < 1, linearly compressed if |a| > 1, and reversed intimeifa < 0. 
To illustrate this approach, let us show how xt + 1) may be determined for the 
signal x(t) shown in Figure 1.13(a). Since 8 = ,b we first advance (shift to the left) x(t) 
| by 1 as shown in Figure 1.13(b). Since la| = 3, we may linearly compress the shifted 
signal of Figure 1.13(b) by a factor of 2 = to obtain the signal shown in Figure 1.13(e). 


In addition to their use in representing physical phenomena such as the time shift 
in a sonar signal and the speeding up or reversal of an audiotape, transformations of the 
independent variable are extremely useful in signal and system analysis. In Section 1.6 
and in Chapter 2, we will use transformations of the independent variable to introduce and 
analyze the properties of systems. These transformations are also important in defining 
and examining some important properties of signals. 


1.2.2 Periodic Signals 


An important class of signals that we will encounter frequently throughout this book is 
the class of periodic signals. A periodic continuous-time signal x(t) has the property that 
there is a positive value of T for which 


x(t) = x(t + T) (1.11) 


for all values of t. In other words, a periodic signal has the property that it is unchanged by a 
time shift of Т. In this case, we say that x(t) is periodic with period T. Periodic continuous- 
time signals arise in a variety of contexts. For example, as illustrated in Problem 2.61, 
the natural response of systems in which energy is conserved, such as ideal LC circuits 
without resistive energy dissipation and ideal mechanical systems without frictional losses, 
are periodic and, in fact, are composed of some of the basic periodic signals that we vit 
introduce in Section 1.3. 
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x(t) 


Figure 1.14 A continuous-time 
-T 0 T 2T t periodic signal. 


An example of a periodic continuous-time signal is given in Figure 1.14. From the 
figure or from eq. (1.11), we can readily deduce that if x(t) is periodic with period T, then 
x(t) = x(t + mT) for all t and for any integer т. Thus, x(t) is also periodic with period 
2T, ЗТ, AT, .... The fundamental period То of x(t) is the smallest positive value of T for 
which eq. (1.11) holds. This definition of the fundamental period works, except if x(t) is 
a constant. In this case the fundamental period is undefined, since x(t) is periodic for any 
choice of T (so there is no smallest positive value). A signal x(t) that is not periodic will 
be referred to as an aperiodic signal. 

Periodic signals are defined analogously in discrete time. Specifically, a discrete- 
time signal x[n] is periodic with period N, where N is a positive integer, if it is unchanged 
by a time shift of N, i.e., if 


x[n] = x[n + N] (1.12) 


for all values of n. If eq. (1.12) holds, then x[n] is also periodic with period 2N, 3N, .... 
The fundamental period № is the smallest positive value of N for which eq. (1.12) holds. 
An example of a discrete-time periodic signal with fundamental period No = 3 is shown 
in Figure 1.15. 


x[n] 








Figure 1.15 A discrete-time pe- 
riodic signal with fundamental period 


n 






Example 1.4 


Let us illustrate the type of problem solving that may be required in determining whether 

or not a given signal is periodic. The signal whose periodicity we wish to check is given 
by 

 ceos(f) ift<0 

x(t) = re iftz0 (1.13) 

From trigonometry, we know that cos(t + 27) = cos(t) and sin(t + 27) = sin(t). Thus, 

-. considering t > 0 and г < 0 separately, we see that x(t) does repeat itself over every 

— interval of length 27. However, as illustrated in Figure 1.16, x(t) also has a discontinuity 

at the time origin that does not recur at any other time. Since every feature in the shape of 

a periodic signal must recur periodically, we conclude that the signal x(f) is not periodic. 
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x(t) 





Figure 1.16 The signal x(t) considered in Example 1.4. 


1.2.3 Even and Odd Signals 


Another set of useful properties of signals relates to their symmetry under time reversal. 
A signal x(t) or x[n] is referred to as an even signal if it is identical to its time-reversed 
counterpart, i.e., with its reflection about the origin. In continuous time a signal is even if 


x(-t) = x(t) (1.14) 
while a discrete-time signal is even if 
x[—n] = x[n]. (1.15) 
A signal is referred to as odd if 
x(—t) = —x(t), (1.16) 
x[-n] = —x[n]. (1.17) 
An odd signal must necessarily be 0 att = Oor n = 0, since eqs. (1.16) and (1.17) require 
that х(0) = —x(0) and x[0] = —x[0]. Examples of even and odd continuous-time signals 
are shown in Figure 1.17. 
x(t) 
0 t 
(а) 
х(ї) 


c 


Figure 1.17 (a) An even con- 
tinuous-time signal; (b) an odd 
(b) continuous-time signal. 
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1,n=0 
an-] 
0,п<0 
1 
-3-2-1 0 12 3 n 


3, <0 
&v(xIn]) ={1,п=0 
n>0 


1 


1, 
2 


odd decomposition of a discrete-time 


-3-2-1 012 3 n 

-ln«0 

9s[xn) =; 0,n=0 

1 0 

1 

-8-2-1 * iin 

m 0123 n Figure 1.18 Example of the even- 
z |! л 
2 signal. 


An important fact is that any signal can be broken into a sum of two signals, one of 
which is even and one of which is odd. To see this, consider the signal 


&[x(?) = 5 [x + x0), 


which is referred to as the even part of x(t). Similarly, the odd part of x(t) is given by 


Od{x(} = 5x — xC-01. 


It is a simple exercise to check that the even part is in fact even, that the odd part is odd, 
and that x(t) is the sum of the two. Exactly analogous definitions hold in the discrete- 
time case. An example of the even-odd decomposition of a discrete-time signal is given 


in Figure 1.18. 


1.3 EXPONENTIAL AND SINUSOIDAL SIGNALS 


In this section and the next, we introduce several basic continuous-time and discrete-time 
signals. Not only do these signals occur frequently, but they also serve as basic building 


blocks from which we can construct many other signals. 
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1.3.1 Continuous-Time Complex Exponential 
and Sinusoidal Signals 


The continuous-time complex exponential signal is of the form 
x(t) = Се“, (1.20) 


where C and a are, in general, complex numbers. Depending upon the values of these 
parameters, the complex exponential can exhibit several different characteristics. 


Real Exponential Signals 

As illustrated in Figure 1.19, if C and a are real [in which case x(t) is called a real 
exponential], there are basically two types of behavior. If a is positive, then as t in- 
creases x(t) is a growing exponential, a form that is used in describing many different 
physical processes, including chain reactions in atomic explosions and complex chemical 
reactions. If a is negative, then x(t) is a decaying exponential, a signal that is also used 
to describe a wide variety of phenomena, including the process of radioactive decay and 
the responses of RC circuits and damped mechanical systems. In particular, as shown 
in Problems 2.61 and 2.62, the natural responses of the circuit in Figure 1.1 and the 
automobile in Figure 1.2 are decaying exponentials. Also, we note that for a = 0, x(t) 
is constant. 


x(t) 


m 


x(t) 


1 Figure 1.19  Continuous-time real 
exponential x(t) = Се“: (a) a > 0; 
(b) (b) a « 0. 
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Periodic Complex Exponential and Sinusoidal Signals 


A second important class of complex exponentials is obtained by constraining a to be 
purely imaginary. Specifically, consider 


x(t) = еі. (1.21) 


An important property of this signal is that it is periodic. To verify this, we recall from 
eq. (1.11) that x(t) will be periodic with period T if 
г а (1.22) 


От, ѕіпсе 


gio T) === elo! o jeoT. 
it follows that for periodicity, we must have 
e^t = 1, (1.23) 


If wọ = 0, then x(t) = 1, which is periodic for any value of T. If wo # 0, then the fun- 
damental period To of x(t)—that is, the smallest positive value of T for which eq. (1.23) 
holds—is 


2a 


Те = <. 
9 Jod] 


(1.24) 


Thus, the signals e/^*' and e^ /“0' have the same fundamental period. 
A signal closely related to the periodic complex exponential is the sinusoidal signal 


x(t) = Acos(wot + ф), (1.25) 


as illustrated in Figure 1.20. With seconds as the units of t, the units of ф and wo are radians 
and radians per second, respectively. It is also common to write wọ = 27r fo, where fo has 
the units of cycles per second, or hertz (Hz). Like the complex exponential signal, the si- 
nusoidal signal is periodic with fundamental period То given by eq. (1.24). Sinusoidal and 


x(t) = A cos (wot + ф) 


Figure 1.20 — Continuous-time sinu- 
soidal signal. 
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complex exponential signals are also used to describe the characteristics of many physical 
processes—in particular, physical systems in which energy is conserved. For example, as 
shown in Problem 2.61, the natural response of an LC circuit is sinusoidal, as is the simple 
harmonic motion of a mechanical system consisting of a mass connected by a spring to a 
stationary support. The acoustic pressure variations corresponding to a single musical tone 
are also sinusoidal. 

By using Euler's relation,” the complex exponential in eq. (1.21) can be written іп 
terms of sinusoidal signals with the same fundamental period: 


ее! = coswot + j sinwot. (1.26) 


Similarly, the sinusoidal signal of eq. (1.25) can be written in terms of periodic complex 
exponentials, again with the same fundamental period: 


Acos(wot + $) = Felt elon + Fe Pe jon, (1.27) 


Note that the two exponentials in eq. (1.27) have complex amplitudes. Alternatively, we 
can express a sinusoid in terms of a complex exponential signal as 


Acos(wot + $) = AGte(eJ"or*9 (1.28) 


where, if c is a complex number, Re{c} denotes its real part. We will also use the notation 
$míc) for the imaginary part of c, so that, for example, 


Asin(wot + ф) = Adm(e/*9Y (1.29) 


From eq. (1.24), we see that the fundamental period То of a continuous-time sinu- 
soidal signal or a periodic complex exponential is inversely proportional to |wo|, which 
we will refer to as the fundamental frequency. From Figure 1.21, we see graphically what 
this means. If we decrease the magnitude of wo, we slow down the rate of oscillation and 
therefore increase the period. Exactly the opposite effects occur if we increase the mag- 
nitude of wọ. Consider now the case wọ = 0. In this case, as we mentioned earlier, x(t) 
is constant and therefore is periodic with period T for any positive value of T. Thus, the 
fundamental period of a constant signal is undefined. On the other hand, there is no am- 
biguity in defining the fundamental frequency of a constant signal to be zero. That is, a 
constant signal has a zero rate of oscillation. 

Periodic signals—and in particular, the complex periodic exponential signal in 
eq. (1.21) and the sinusoidal signal in eq. (1.25)—provide important examples of signals 
with infinite total energy but finite average power. For example, consider the periodic ex- 
ponential signal of eq. (1.21), and suppose that we calculate the total energy and average 
power in this signal over one period: 


yd 

Eperiod = | le"'l dt 
0 

Ts (1.30) 

= | 1*dt = То, 

0 


?Euler's relation and other basic ideas related to the manipulation of complex numbers and exponentials 
are considered in the mathematical review section of the problems at the end of the chapter. 
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х{ (t) = cos Qt 


~ 


T, 
(a) 
Xo(t) = cos Wot 
T; t 
(b) 
X(t) = cos «st 
Ts. t 
Figure 1.21 Relationship between 
the fundamental frequency and period 
for continuous-time sinusoidal signals; 
here, «x > œ > вз, which implies 
(c) that h < T; < Th. 
Ры =... = 1 (1.31) 
period To period ° * 


Since there are an infinite number of periods as t ranges from —o to +, the total energy 
integrated over all time is infinite. However, each period of the signal looks exactly the 
same. Since the average power of the signal equals 1 over each period, averaging over 
multiple periods always yields an average power of 1. That is, the complex periodic ex- 
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ponential signal has finite average power equal to 


T 

Р. = lim 3r [. lee? dt = 1. (1.32) 
Problem 1.3 provides additional examples of energy and power calculations for periodic 
and aperiodic signals. 

Periodic complex exponentials will play a central role in much of our treatment of 
signals and systems, in part because they serve as extremely useful building blocks for 
many other signals. We will often find it useful to consider sets of harmonically related 
complex exponentials— that is, sets of periodic exponentials, all of which are periodic with 
a common period To. Specifically, a necessary condition for a complex exponential e/^' to 
be periodic with period То is that 


eleto = 1, (1.33) 
which implies that @ То is a multiple of 27, i.e., 
wTo = 2mk, K-—0*L:€E.. (1.34) 
Thus, if we define 
2T 
wo = Ts: (1.35) 


we see that, to satisfy eq. (1.34), w must be an integer multiple of wo. That is, a harmoni- 
cally related set of complex exponentials is a set of periodic exponentials with fundamental 
frequencies that are all multiples of a single positive frequency wo: 


pilt) = ef hoot, k = 0, +1, +2,.... (1.36) 


For k = 0, ġ,(t) is a constant, while for any other value of k, $,(1) is periodic with fun- 
damental frequency |А|оо and fundamental period 


27 To 


сое = n. 1.37 
o Td шаш 


The kth harmonic фу(ї) is still periodic with period To as well, as it goes through exactly 
|А of its fundamental periods during any time interval of length То. 

Our use of the term “harmonic” is consistent with its use in music, where it refers 
to tones resulting from variations in acoustic pressure at frequencies that are integer mul- 
tiples of a fundamental frequency. For example, the pattern of vibrations of a string on an 
instrument such as a violin can be described as a superposition—i.e., a weighted sum—of 
harmonically related periodic exponentials. In Chapter 3, we will see that we can build a 
very rich class of periodic signals using the harmonically related signals of eq. (1.36) as 
the building blocks. 


Example 1.5 
It is sometimes desirable to express the sum of two complex exponentials as the product 
of a single complex exponential and a single sinusoid. For example, suppose we wish to 
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plot the magnitude of the signal 
x(t) = е? + e*t, (1.38) 
To do this, we first factor out a complex exponential from the right side of eq. (1.38), 
where the frequency of this exponential factor is taken as the average of the frequencies 
of the two exponentials in the sum. Doing this, we obtain 
x(t) = ef?3t(e- 9514. @ 0-5), (1.39) 
which, because of Euler’s relation, can be rewritten as 
x(t) = 2e/?5' cos(0.5r). (1.40) 
From this, we can directly obtain an expression for the magnitude of x(t): 
|x(t)| = 2|cos(0.5t)]. (1.41) 
Here, we have used the fact that the magnitude of the complex exponential e/** is always 


unity. Thus, |х(ї)| is what is commonly referred to as a full-wave rectified sinusoid, as 
shown in Figure 1.22. 


Ix(t)] 
2 


— 
0 2T 4л 61r 8л ї 


Figure 1.22 The full-wave rectified sinusoid of Example 1.5. 


General Complex Exponential Signals 


The most general case of a complex exponential can be expressed and interpreted in terms 
of the two cases we have examined so far: the real exponential and the periodic complex 
exponential. Specifically, consider a complex exponential Се“, where C is expressed in 
polar form and a in rectangular form. That is, 


С = |Cle” 
апі 
=r + jwo. 
Then 
Ce" = |Cle efti = [Cle eiet, (42) 


Using Euler's relation, we can expand this further as 


Се“ = |С|е" cos(wot + 0) + j|C|e" sin(wot + Ө). (1.43) 
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Thus, for r = 0, the real and imaginary parts of a complex exponential are sinusoidal. For 
r > 0 they correspond to sinusoidal signals multiplied by a growing exponential, and for 
г < 0 they correspond to sinusoidal signals multiplied by a decaying exponential. These 
two cases are shown in Figure 1.23. The dashed lines in the figure correspond to the func- 
tions *-|C|e"". From eq. (1.42), we see that |С|е" is the magnitude of the complex expo- 
nential. Thus, the dashed curves act as an envelope for the oscillatory curve in the figure 
in that the peaks of the oscillations just reach these curves, and in this way the envelope 
provides us with a convenient way to visualize the general trend in the amplitude of the 
oscillations. 


Figure 1.23 (a) Growing sinusoidal 
signal x(t) = Ce" cos (œt + 0), 

r > 0; (b) decaying sinusoid x(t) = 
Ce" cos (wt + 0), г< 0. 





Sinusoidal signals multiplied by decaying exponentials are commonly referred to as 
damped sinusoids. Examples of damped sinusoids arise in the response of RLC circuits 
and in mechanical systems containing both damping and restoring forces, such as automo- 
tive suspension systems. These kinds of systems have mechanisms that dissipate energy 
(resistors, damping forces such as friction) with oscillations that decay in time. Examples 
illustrating such systems and their damped sinusoidal natural responses can be found in 
Problems 2.61 and 2.62. 


1.3.2 Discrete-Time Complex Exponential and Sinusoidal Signals 


As in continuous time, an important signal in discrete time is the complex exponential 
signal or sequence, defined by 


x[n] = Ca", (1.44) 
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where C and a are, in general, complex numbers. This could alternatively be expressed 
in the form 


x[n] = CeP", (1.45) 
where 
a= eP. 


Although the form of the discrete-time complex exponential sequence given in eq. (1.45) is 
more analogous to the form of the continuous-time exponential, it is often more convenient 
to express the discrete-time complex exponential sequence in the form of eq. (1.44). 


Real Exponential Signals 


If C and a are real, we can have one of several types of behavior, as illustrated in Fig- 
ure 1.24. If |a| > 1 the magnitude of the signal grows exponentially with n, while if |a| < 1 
we have a decaying exponential. Furthermore, if o is positive, all the values of Ca” are of 
the same sign, but if a is negative then the sign of x[n] alternates. Note also that ifa = 1 
then x[n] is a constant, whereas if a. = — 1, x[n] alternates in value between +С and —C. 
Real-valued discrete-time exponentials are often used to describe population growth as 
a function of generation and total return on investment as a function of day, month, or 
quarter. 


Sinusoidal Signals 


Another important complex exponential is obtained by using the form given in eq. (1.45) 
and by constraining В to be purely imaginary (so that |а| = 1). Specifically, consider 


x[n] = еі". (1.46) 
As in the continuous-time case, this signal is closely related to the sinusoidal signal 
x[n] = Acos(oon + $). (1.47) 


If we take n to be dimensionless, then both wọ and ф have units of radians. Three examples 
of sinusoidal sequences are shown in Figure 1.25. 
As before, Euler’s relation allows us to relate complex exponentials and sinusoids: 


e/"?" = coswon + j sinwon (1.48) 


and 
A Jd pjwon A = jó ,—jwon 
А cos(oon + ф) = ze e оп + 5° € об (1.49) 


The signals in eqs. (1.46) and (1.47) are examples of discrete-time signals with infinite 
total energy but finite average power. For example, since |e/^»^| = 1, every sample of 
the signal in eq. (1.46) contributes 1 to the signal's energy. Thus, the total energy for 
—o < п < © is infinite, while the average power per time point is obviously equal to 1. 
Other examples of energy and power calculations for discrete-time signals are given in 
Problem 1.3. 
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(a) 


Figure 1.24 The real exponential 
signal х[л] = Ca^: 

(а) а > 1; (0) 0<а < 1; 

(c) -1 «a «0; (d) a < –1. 
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x(n] = cos (2ттп/12 ) 


ПЕ lll. 


x[n] = cos (81/31) 





(b) 


x(n] = cos (n/6) 





(c) 


Figure 1.25  Discrete-time sinusoidal signals. 


General Complex Exponential Signals 


The general discrete-time complex exponential can be written and interpreted in terms of 
real exponentials and sinusoidal signals. Specifically, if we write C and а in polar form, 
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viz., 
С = |С|е?% 
апа 
а = |а|е?°%, 
then 
Са" = |Clla|" cos(won + Ө) + j|Clla|" sin(won + Ө). (1.50) 


Thus, for |а| = 1, the real and imaginary parts of a complex exponential sequence are 
sinusoidal. For |a| < 1 they correspond to sinusoidal sequences multiplied by a decaying 
exponential, while for |a| > 1 they correspond to sinusoidal sequences multiplied by a 
growing exponential. Examples of these signals are depicted in Figure 1.26. 





Figure 1.26 (a) Growing discrete-time sinusoidal signals; (b) decaying 
discrete-time sinusoid. 


1.3.3 Periodicity Properties of Discrete-Time Complex Exponentials 


While there are many similarities between continuous-time and discrete-time signals, 
there are also a number of important differences. One of these concerns the discrete-time 
exponential signal e/^", In Section 1.3.1, we identified the following two properties of its 
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continuous-time counterpart e/“': (1) the larger the magnitude of wo, the higher is the rate 
of oscillation in the signal; and (2) e/^"' is periodic for any value of wo. In this section we 
describe the discrete-time versions of both of these properties, and as we will see, there 
are definite differences between each of these and its continuous-time counterpart. 

The fact that the first of these properties is different in discrete time is a direct conse- 
quence of another extremely important distinction between discrete-time and continuous- 
time complex exponentials. Specifically, consider the discrete-time complex exponential 
with frequency wọ + 277: 


еі(%0+2т)п = eJ? o Joon = ej?» (1.51) 


From eq. (1.51), we see that the exponential at frequency wo + 27 is the same as that 
at frequency wo. Thus, we have a very different situation from the continuous-time case, 
in which the signals e/^"' are all distinct for distinct values of wo. In discrete time, these 
signals are not distinct, as the signal with frequency wo is identical to the signals with 
frequencies wo + 27, wo + 4r, and so on. Therefore, in considering discrete-time com- 
plex exponentials, we need only consider a frequency interval of length 27 in which to 
choose wo. Although, according to eq. (1.51), any interval of length 27 will do, on most 
occasions we will use the interval 0 = wo < 27 or the interval -m = wo < т. 

Because of the periodicity implied by eq. (1.51), the signal e/°°” does not have a 
continually increasing rate of oscillation as wo is increased in magnitude. Rather, as il- 
lustrated in Figure 1.27, as we increase wo from 0, we obtain signals that oscillate more 
and more rapidly until we reach wọ = т. As we continue to increase wo, we decrease the 
rate of oscillation until we reach wọ = 27, which produces the same constant sequence as 
wo = 0. Therefore, the low-frequency (that is, slowly varying) discrete-time exponentials 
have values of wo near 0, 27, and any other even multiple of 7, while the high frequen- 
cies (corresponding to rapid variations) are located near wọ = + т and other odd multiples 
of т. Note in particular that for wọ = т or any other odd multiple of т, 


ei^ = (giT)' = (—1)", (1.52) 


so that this signal oscillates rapidly, changing sign at each point in time [as illustrated in 
Figure 1.27(e)]. 

The second property we wish to consider concerns the periodicity of the discrete- 
time complex exponential. In order for the signal e/”o” to be periodic with period N > 0, 
we must have 


ei@o(n+N) — pivon (1.53) 
or equivalently, 
eJeoN = 1. (1.54) 


For eq. (1.54) to hold, a pN must be a multiple of 27r. That is, there must be an integer m 
such that 


@oN = 2mm, (1.55) 
or equivalently, 


(1.56) 
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According to eq. (1.56), the signal e/^"" is periodic if wo/27 is a rational number and is 
not periodic otherwise. These same observations also hold for discrete-time sinusoids. For 
example, the signals depicted in Figure 1.25(a) and (b) are periodic, while the signal in 
Figure 1.25(c) is not. 

Using the calculations that we have just made, we can also determine the funda- 
mental period and frequency of discrete-time complex exponentials, where we define the 
fundamental frequency of a discrete-time periodic signal as we did in continuous time. 
That is, if x[n] is periodic with fundamental period N, its fundamental frequency is 277/N. 
Consider, then, a periodic complex exponential x[n] = e/?»" with wo # 0. As we have 
just seen, wo must satisfy eq. (1.56) for some pair of integers m and N, with N > 0. In 
Problem 1.35, it is shown that if wọ = О and if N and m have no factors in common, then 
the fundamental period of x[n] is N. Using this fact together with eq. (1.56), we find that 
the fundamental frequency of the periodic signal e/o" is 


27 _ WO 
| imb. (1.57) 
Note that the fundamental period can also be written as 
N= "(n (1.58) 
wo 


These last two expressions again differ from their continuous-time counterparts. In 
Table 1.1, we have summarized some of the differences between the continuous-time sig- 
nal eJ?» and the discrete-time signal e}®0”, Note that, as іп the continuous-time case, the 
constant discrete-time signal resulting from setting wọ = 0 has a fundamental frequency 
of zero, and its fundamental period is undefined. 


TABLE 1.1 Comparison of the signals eo! and e/«»^, 
еј®о! еї®оп 


Distinct signals for distinct values of wọ Identical signals for values of wo 


separated by multiples of 27r 
Periodic for any choice of wo Periodic only if оо = 2тт/М for some integers N > 0 and m. 
Fundamental frequency wo Fundamental frequency* wo/m 
Fundamental period Fundamental period* 
wo = 0: undefined ву = 0: undefined 
wo 7 0:27 wo 5 0:т(2®) 
0 wo 


* Assumes that m and N do not have any factors in common. 


To gain some additional insight into these properties, let us examine again the signals 
depicted in Figure 1.25. First, consider the sequence x[n] = cos(27n/12), depicted in 
Figure 1.25(a), which we can think of as the set of samples of the continuous-time sinusoid 
x(t) = cos(27rt/12) at integer time points. In this case, x(t) is periodic with fundamental 
period 12 and x[n] is also periodic with fundamental period 12. That is, the values of x[n] 
repeat every 12 points, exactly in step with the fundamental period of x(t). 
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In contrast, consider the signal x[n] = cos(87/31), depicted in Figure 1.25(b), 
which we can view as the set of samples of x(t) = cos (871/31) at integer points in time. 
In this case, x(t) is periodic with fundamental period 31/4. On the other hand, х[л] is pe- 
riodic with fundamental period 31. The reason for this difference is that the discrete-time 
signal is defined only for integer values of the independent variable. Thus, there is no 
sample at time t = 31/4, when x(t) completes one period (starting from t = 0). Similarly, 
there is no sample at t = 2 · 31/4 or = 3 · 31/4, when x(t) has completed two or three 
periods, but there is a sample at t = 4: 31/4 = 31, when x(t) has completed four periods. 
This can be seen in Figure 1.25(b), where the pattern of x[n] values does not repeat with 
each single cycle of positive and negative values. Rather, the pattern repeats after four 
such cycles, namely, every 31 points. 

Similarly, the signal x[n] — cos(n/6) can be viewed as the set of samples of the 
signal x(t) = cos(t/6) at integer time points. In this case, the values of x(t) at integer 
sample points never repeat, as these sample points never span an interval that is an exact 
multiple of the period, 127r, of x(t). Thus, x[n] is not periodic, although the eye visually 
interpolates between the sample points, suggesting the envelope x(t), which is periodic. 
The use of the concept of sampling to gain insight into the periodicity of discrete-time 
sinusoidal sequences is explored further in Problem 1.36. 


Example 1.6 


Suppose that we wish to determine the fundamental period of the discrete-time signal 
жї] es EPO + IR (1.59) 


. The first exponential on the right-hand side of eq. (1.59) has a fundamental period of 3. 
While this can be verified from eq. (1.58), there is a simpler way to obtain that answer. In 
particular, note that the angle (277/3)n of the first term must be incremented by a multiple 
of 27 for the values of this exponential to begin repeating. We then immediately see that 
if n is incremented by 3, the angle will be incremented by a single multiple of 27. With 
regard to the second term, we see that incrementing the angle (377/4)n by 27r would 
require n to be incremented by 8/3, which is impossible, since n is restricted to being an 
integer. Similarly, incrementing the angle by 47 would require a noninteger increment 
of 16/3 to n. However, incrementing the angle by 67 requires an increment of 8 to n, 
and thus the fundamental period of the second term is 8. 

Now, for the entire signal x[n] to repeat, each of the terms in eq. (1.59) must go 
through an integer number of its own fundamental period. The smallest increment of n 
that accomplishes this is 24. That is, over an interval of 24 points, the first term on the 
right-hand side of eq. (1.59) will have gone through eight of its fundamental periods, the 
second term through three of its fundamental periods, and the overall signal x[n] through 
exactly one of its fundamental periods. 


As in continuous time, it is also of considerable value in discrete-time signal and 
system analysis to consider sets of harmonically related periodic exponentials— that is, 
periodic exponentials with a common period N. From eq. (1.56), we know that these are 
precisely the signals which are at frequencies which are multiples of 27/N. That is, 


фп] = e 7" V, k=0,+1,.... (1.60) 
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In the continuous-time case, all of the harmonically related complex exponentials e^?7/TY. 
= 0, +1, +2,..., are distinct. However, because of eq. (1.51), this is not the case in 


discrete time. Specifically, 


branla] -n е\К+М)@т/М)п 


Р | (1.61) 
== еЛК@т!М)п„]?тп = dun]. 


This implies that there are only N distinct periodic exponentials in the set given in 
eq. (1.60). For example, 


doln] = 1, фа] = e?7"N, pain] = е", ..., y [п] = ет)" (1.62) 


are all distinct, and any other 6, [n] is identical to one of these (e.g., Фу[л] = $o[n] and 
$-i[n] = фу-1[л]). 


1.4 THE UNIT IMPULSE AND UNIT STEP FUNCTIONS 


In this section, we introduce several other basic signals—specifically, the unit impulse and 
step functions in continuous and discrete time—that are also of considerable importance in 
signal and system analysis. In Chapter 2, we will see how we can use unit impulse signals 
as basic building blocks for the construction and representation of other signals. We begin 
with the discrete-time case. 


1.4.1 The Discrete-Time Unit impulse and Unit Step Sequences 


One of the simplest discrete-time signals is the unit impulse (or unit sample), which is 
defined as 


[n] = t — (1.63) 


and which is shown in Figure 1.28. Throughout the book, we will refer to 8 [n] interchange- 
ably as the unit impulse or unit sample. 


[n] 


1 
EE ERN Figure 1.28 — Discrete-time unit im- 


0 n pulse (sample). 


A second basic discrete-time signal is the discrete-time unit step, denoted by u[n] 
and defined by 


u[n] = | 1 msi (1.64) 


The unit step sequence is shown in Figure 1.29. 


C ms 31 





шіп] 
1 
0000-0-60 ОШ Figure 1.29  Discrete-time unit step 
0 n sequence. 
Interval of summation 
ERE RE EET 
YU ee NY Ў $[m] 
[] 
KENN NN 
n 0 m 
(a) 


t —— a AM 
тр 
0 п т Figure 1.30 Running sum of 
(b) eq. (1.66): (a) n < 0; (b) n >0. 


There is a close relationship between the discrete-time unit impulse and unit step. In 
particular, the discrete-time unit impulse is the first difference of the discrete-time step 


&[n] = u[n] — u[n — 1]. (1.65) 


Conversely, the discrete-time unit step is the running sum of the unit sample. That is, 


vin) = 57 Шай (1.66) 


т=—® 


Equation (1.66) is illustrated graphically in Figure 1.30. Since the only nonzero value of 
the unit sample is at the point at which its argument is zero, we see from the figure that the 
running sum in eq. (1.66) is 0 for п < 0 and 1 for n = 0. Furthermore, by changing the 
variable of summation from m to k = n — m in eq. (1.66), we find that the discrete-time 
unit step can also be written in terms of the unit sample as | 


0 
u[n] = > ёп – k], 
k=% 
or equivalently, 


u[n] = X` [n — А. (1.67) 
k=0 
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Interval of summation 


каста ossi 

$[n—k] E" US 
ИИО 
п 0 k 


(a) 


Interval of summation 


Figure 1.31 Relationship given in 
(b) ед. (1.67): (a) n < 0; (b) nz 0. 


Equation (1.67) is illustrated in Figure 1.31. In this case the nonzero value of 5[n — k] is 
at the value of k equal to n, so that again we see that the summation in eq. (1.67) is 0 for 
n « 0 and 1 for n = 0. 

An interpretation of eq. (1.67) is as a superposition of delayed impulses; i.e., we can 
view the equation as the sum of a unit impulse 5[n] at n = 0, a unit impulse 5[n — 1] at 
n = 1, another, 8[n — 2], at n = 2, etc. We will make explicit use of this interpretation in 
Chapter 2. 

The unit impulse sequence can be used to sample the value of a signal at n = 0. In 
particular, since б[п] is nonzero (and equal to 1) only for n = 0, it follows that 


x[n]6[n] = x[0]6[n]. (1.68) 
More generally, if we consider a unit impulse ó[n — no] at n = no, then 
x[n]ó[n — no] = x[noló[n — по]. (1.69) 


This sampling property of the unit impulse will play an important role in Chapters 2 
and 7. 


1.4.2 The Continuous-Time Unit Step 
and Unit Impulse Functions 


The continuous-time unit step function u(t) is defined in a manner similar to its discrete- 
time counterpart. Specifically, 


u(t) = F мнр (1.70) 


as is shown in Figure 1.32. Note that the unit step is discontinuous at г = 0. The 
continuous-time unit impulse function ô(t) is related to the unit step in a manner analogous 
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u(t) 


Figure 1.32  Continuous-time unit 
0 t step function. 


to the relationship between the discrete-time unit impulse and step functions. In particular, 
the continuous-time unit step is the running integral of the unit impulse 


u(t) - | (т) ат. (1.71) 


This also suggests a relationship between 5(t) and u(t) analogous to the expression for 
6[n] in eq. (1.65). In particular, it follows from eq. (1.71) that the continuous-time unit 
impulse can be thought of as the first derivative of the continuous-time unit step: 





(1.72) 


In contrast to the discrete-time case, there is some formal difficulty with this equa- 
tion as a representation of the unit impulse function, since u(t) is discontinuous at г = 0 
and consequently is formally not differentiable. We can, however, interpret eq. (1.72) by 
considering an approximation to the unit step ид (7), as illustrated in Figure 1.33, which 
rises from the value 0 to the value 1 in a short time interval of length A. The unit step, 
of course, changes values instantaneously and thus can be thought of as an idealization of 
ua(t) for A so short that its duration doesn't matter for any practical purpose. Formally, 
u(t) is the limit of uA(r) as A — 0. Let us now consider the derivative 


_ dua(t) 
ӧл(0) = Ж (173) 
as shown in Figure 1.34. 
ил() 
Satt) 
i i 
OA t OA t 


Figure 1.33 Continuous approximation to Figure 1.34 Derivative of 
the unit step, ua(t). us(t). 
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$0) kó(t) 
k 
1 
0 t 0 t 
Figure 1.35 Continuous- Figure 1.36 Scaled im- 
time unit impulse. pulse. 


Note that бл (t) is a short pulse, of duration A and with unit area for any value of A. 
As А — 0, ôa (t) becomes narrower and higher, maintaining its unit area. Its limiting form, 


ба) = jim 6a(0), (1.74) 


can then be thought of as an idealization of the short pulse 6,(t) as the duration A becomes 
insignificant. Since 6(f) has, in effect, no duration but unit area, we adopt the graphical 
notation for it shown in Figure 1.35, where the arrow at t = 0 indicates that the area of the 
pulse is concentrated at г = 0 and the height of the arrow and the “1” next to the arrow 
are used to represent the area of the impulse. More generally, a scaled impulse k6(t) will 
have an area К, and thus, 


t 
| kó(r)dT = ku(t). 


A scaled impulse with area k is shown in Figure 1.36, where the height of the arrow used 
to depict the scaled impulse is chosen to be proportional to the area of the impulse. 

As with discrete time, we can provide a simple graphical interpretation of the running 
integral of eq. (1.71); this is shown in Figure 1.37. Since the area of the continuous-time 
unit impulse б(т) is concentrated at т = 0, we see that the running integral is 0 for t < 0 
and 1 for > 0. Also, we note that the relationship in eq. (1.71) between the continuous- 
time unit step and impulse can be rewritten in a different form, analogous to the discrete- 
time form in eq. (1.67), by changing the variable of integration from 7 to a = t — т: 


t 0 
u(t) — | ӧ(т) йт = | (t — o)(—do), 
or equivalently, 
u(t) — | ó(t — a)do. (1.75) 
0 


The graphical interpretation of this form of the relationship between u(t) and 8(т) is 
given in Figure 1.38. Since in this case the area of 5(t — с) is concentrated at the point 
с = t, we again see that the integral in eq. (1.75) is 0 for t < 0 and 1 for t > 0. This type 
of graphical interpretation of the behavior of the unit impulse under integration will be 
extremely useful in Chapter 2. 
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Interval of integration Interval of integration 





(a) (a) 





Interval of integration Interval of integration 





(b) (b) 


Figure 1.37 Running integral given in eq. (1.71): Figure 1.38 Relationship given in eq. (1.75): 
(a) t < 0; (b) t>0. (a) t < 0; (b) t > 0. 


As with the discrete-time impulse, the continuous-time impulse has a very important 
sampling property. In particular, for a number of reasons it will be important to consider 
the product of an impulse and more well-behaved continuous-time functions x(t). The in- 
terpretation of this quantity is most readily developed using the definition of 5(t) according 
to eq. (1.74). Specifically, consider 


xi(t) = x(t)óa(t). 


In Figure 1.39(a) we have depicted the two time functions x(t) and 5,(t), and in Fig- 
ure 1.39(b) we see an enlarged view of the nonzero portion of their product. By construc- 
tion, xi(f) is zero outside the interval 0 = t = A. For A sufficiently small so that x(t) is 
approximately constant over this interval, 


x(t)ôa (t) ^ x(0)ôa (1). 
Since ô(t) is the limit as A — 0 of ôa (t), it follows that 
x(t)ó(t) = x(0)6(r). (1.76) 


By the same argument, we have an analogous expression for an impulse concentrated at 
an arbitrary point, say, fo. That is, 


x(t)8 (t — to) = x(to)d(t — to). 
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Salt) 
x(t) 
OA t 
(a) 
Salt) 
x(0) 
Figure 1.39 The product x(t)d,(t): 
0 А i (a) graphs of both functions; (b) en- 
larged view of the nonzero portion of 
(b) their product. 


Although our discussion of the unit impulse in this section has been somewhat in- 
formal, it does provide us with some important intuition about this signal that will be 
useful throughout the book. As we have stated, the unit impulse should be viewed as an 
idealization. As we illustrate and discuss in more detail in Section 2.5, any real physi- 
cal system has some inertia associated with it and thus does not respond instantaneously 
to inputs. Consequently, if a pulse of sufficiently short duration is applied to such a sys- 
tem, the system response will not be noticeably influenced by the pulse's duration or by 
the details of the shape of the pulse, for that matter. Instead, the primary characteristic 
of the pulse that will matter is the net, integrated effect of the pulse—i.e., its area. For 
systems that respond much more quickly than others, the pulse will have to be of much 
shorter duration before the details of the pulse shape or its duration no longer matter. Nev- 
ertheless, for any physical system, we can always find a pulse that is "short enough." 
The unit impulse then is an idealization of this concept—the pulse that is short enough 
for any system. As we will see in Chapter 2, the response of a system to this idealized 
pulse plays a crucial role in signal and system analysis, and in the process of devel- 
oping and understanding this role, we will develop additional insight into the idealized 
signal. 


`The unit impulse and other related functions (which are often collectively referred to as singularity 
functions) have been thoroughly studied in the field of mathematics under the alternative names of general- 
ized functions and the theory of distributions. For more detailed discussions of this subject, see Distribution 
Theory and Transform Analysis, by A. H. Zemanian (New York: McGraw-Hill Book Company, 1965), Gen- 
eralised Functions, by R.F. Hoskins (New York: Halsted Press, 1979), or the more advanced text, Fourier 
Analysis and Generalized Functions, by M. J. Lighthill (New York: Cambridge University Press, 1958). 
Our discussion of singularity functions in Section 2.5 is closely related in spirit to the mathematical theory 
described in these texts and thus provides an informal introduction to concepts that underlie this topic in 
mathematics. 
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Example 1.7 


Consider the discontinuous signal x(t) depicted in Figure 1.40(a). Because of the rela- 
tionship between the continuous-time unit impulse and unit step, we can readily calculate 
and graph the derivative of this signal. Specifically, the derivative of x(t) is clearly 0, 
except at the discontinuities. In the case of the unit step, we have seen [eq. (1.72)] that 
differentiation gives rise to a unit impulse located at the point of discontinuity. Further- 
more, by multiplying both sides of eq. (1.72) by any number k, we see that the derivative 
of a unit step with a discontinuity of size k gives rise to an impulse of area k at the point 
of discontinuity. This rule also holds for any other signal with a jump discontinuity, such 
as x(t) in Figure 1.40(a). Consequently, we can sketch its derivative x(t), as in Fig- 
ure 1.40(b), where an impulse is placed at each discontinuity of x(t), with area equal to 
the size of the discontinuity. Note, for example, that the discontinuity in x(t) at t = 2 
has a value of —3, so that an impulse scaled by —3 is located at = 2 in the signal x(t). 


x(t) 


(a) 


(b) 


(с) 





Figure 1.40 (а) The discontinuous signal x(t) analyzed in Example 1.7; 
(b) its derivative x(t); (c) depiction of the recovery of x(t) as the running inte- 
gral of x(t), illustrated for a value of t between 0 and 1. 
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As acheck of our result, we can verify that we can recover x(t) from x(t). Specif- 
ically, since x(t) and x(t) are both zero for t = 0, we need only check that for t > 0, 





x(t) = [ х(т)ат. (1.77) 


___ Asillustrated in Figure 1.40(c), for t < 1, ће integral on the right-hand side of eq. (1.77) 
____ is zero, since none of the impulses that constitute x(t) are within the interval of integra- 
— боп. For 1 < t < 2, the first impulse (located at t = 1) is the only one within the inte- 
gration interval, and thus the integral in eq. (1.77) equals 2, the area of this impulse. For 
2 < t <4, the first two impulses are within the interval of integration, and the integral 
accumulates the sum of both of their areas, namely, 2 — 3 =: —1. Finally, for t > 4, all 
three impulses are within the integration interval, so that the integral equals the sum of 
— — all three areas—that is, 2 3 + 2 = +1. The result is exactly the signal x(t) depicted 
— in Figure 1.40(a). 








1.5 CONTINUOUS-TIME AND DISCRETE-TIME SYSTEMS 


Physical systems in the broadest sense are an interconnection of components, devices, 
or subsystems. In contexts ranging from signal processing and communications to elec- 
tromechanical motors, automotive vehicles, and chemical-processing plants, a system can 
be viewed as a process in which input signals are transformed by the system or cause the 
system to respond in some way, resulting in other signals as outputs. For example, a high- 
fidelity system takes a recorded audio signal and generates a reproduction of that signal. 
If the hi-fi system has tone controls, we can change the tonal quality of the reproduced sig- 
nal. Similarly, the circuit in Figure 1.1 can be viewed as a systern with input voltage v,(t) 
and output voltage v,(t), while the automobile in Figure 1.2 can be thought of as a system 
with input equal to the force f(t) and output equal to the velocity v(t) of the vehicle. An 
image-enhancement system transforms an input image into an output image that has some 
desired properties, such as improved contrast. 

А continuous-time system is a system in which continuous-time input signals are 
applied and result in continuous-time output signals. Such a system will be represented 
pictorially as in Figure 1.41(a), where x(t) is the input and y(t) is the output. Alterna- 
tively, we will often represent the input-output relation of a continuous-time system by the 
notation 


x(t) > y(t). (1.78) 


х@ — y(t 


(a) 


Figure 1.41 (а) Continuous-time 


(b) system; (b) discrete-time system. 
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Similarly, a discrete-time system—that is, a system that transforms discrete-time inputs 
into discrete-time outputs—will be depicted as in Figure 1.41(b) and will sometimes be 
represented symbolically as 


x[n] > y[n]. (1.79) 


In most of this book, we will treat discrete-time systems and continuous-time systems 
separately but in parallel. In Chapter 7, we will bring continuous-time and discrete-time 
systems together through the concept of sampling, and we will develop some insights 
into the use of discrete-time systems to process continuous-time signals that have been 
sampled. 


1.5.1 Simple Examples of Systems 


One of the most important motivations for the development of general tools for analyzing 
and designing systems is that systems from many different applications have very similar 
mathematical descriptions. To illustrate this, we begin with a few simple examples. 


Example 1.8 


Consider the RC circuit depicted in Figure 1.1. If we regard v,(f) as the input signal and 
vc(f) as the output signal, then we can use simple circuit analysis to derive an equation 
describing the relationship between the input and output. Specifically, from Ohm's law, 
the current i(t) through the resistor is proportional (with proportionality constant 1/R) to 
the voltage drop across the resistor; i.e., 


i(t) — (1.80) 


vs(t) — v(t) 
ENS EE 
Similarly, using the defining constitutive relation for a capacitor, we can relate i(t) to the 
rate of change with time of the voltage across the capacitor: 


dv.(t) 


i(t) = C dr 


(1.81) 





Equating the right-hand sides of eqs. (1.80) and (1.81), we obtain a differential equation 
describing the relationship between the input v;(£) and the output v,(f): 


dw() , 1 ер 
реи = gen (1.82) 





Ехатріе 1.9 


Consider Figure 1.2, in which we regard the force f(t) as the input and the velocity v(t) 
as the output. If we let m denote the mass of the automobile and pv the resistance due 
to friction, then equating acceleration—i.e., the time derivative of velocity—with net 
force divided by mass, we obtain 


dv(t) at 
dt m 





[FO — ру], (1.83) 
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МӨ | p. 1 
“ae + m' = mi (1.84) 


Examining and comparing eqs. (1.82) and (1.84) in the above examples, we see that 
the input-output relationships captured in these two equations for these two very different 
physical systems are basically the same. In particular, they are both examples of first-order 
linear differential equations of the form 


20 о ? + anti = Баб, (1.85) 


where x(t) is the input, y(t) is the output, and a and b are constants. This is one very simple 
example of the fact that, by developing methods for analyzing general classes of systems 
such as that represented by eq. (1.85), we will be able to use them in a wide variety of 
applications. 


Example 1.10 


As a simple example of a discrete-time system, consider a simple model for the balance 
in a bank account from month to month. Specifically, let y[n] denote the balance at the 
end of the nth month, and suppose that y[n] evolves from month to month according to 
the equation 


y[n] = 1.01у[п— 1] + x[n], (1.86) 

or equivalently, 
y[n] — 1.01y[n — 1] = x[n], (1.87) 
_ where x[n] represents the net deposit (i.e., deposits minus withdrawals) during the nth 


month and the term 1.01 y[n — 1] models the fact that we accrue 146 interest each month. 


Example 1.11 


-— As a second example, consider a simple digital simulation of the differential equation in 
___ eq. (1.84) in which we resolve time into discrete intervals of length A and approximate 
_ dv(t)/dt at t = nA by the first backward difference, i.e., 


v(nA) — v((n — 1)A) 
‚йш —N 


In this case, if weletv[n] = v(nA) and f[n] = f(nA), we obtain the following discrete- 
time model relating the sampled signals f [n] and v[n]: 


v[n] — v[n – 1] = x f [n]. (1.88) 


--" 
(m + pd) (m+ TET 





7 Comparing eqs. (1.87) and (1.88), we see that they are both examples of the same 
- general first-order linear difference equation, namely, 


y[n] + ay[n — 1] = Ьх[п]. (1.89) 
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As the preceding examples suggest, the mathematical descriptions of systems from 
a wide variety of applications frequently have a great deal in common, and it is this fact 
that provides considerable motivation for the development of broadly applicable tools for 
signal and system analysis. The key to doing this successfully is identifying classes of 
systems that have two important characteristics: (1) The systems in this class have prop- 
erties and structures that we can exploit to gain insight into their behavior and to develop 
effective tools for their analysis; and (2) many systems of practical importance can be 
accurately modeled using systems in this class. It is on the first of these characteristics 
that most of this book focuses, as we develop tools for a particular class of systems re- 
ferred to as linear, time-invariant systems. In the next section, we will introduce the prop- 
erties that characterize this class, as well as a number of other very important basic system 
properties. 

The second characteristic mentioned in the preceding paragraph is of obvious impor- 
tance for any system analysis technique to be of value in practice. It is a well-established 
fact that a wide range of physical systems (including those in Examples 1.8—1.10) can 
be well modeled within the class of systems on which we focus in this book. However, 
a critical point is that апу model used in describing or analyzing a physical system rep- 
resents an idealization of that system, and thus, any resulting analysis is only as good 
as the model itself. For example, the simple linear model of a resistor in eq. (1.80) 
and that of a capacitor in eq. (1.81) are idealizations. However, these idealizations are 
quite accurate for real resistors and capacitors in many applications, and thus, analy- 
ses employing such idealizations provide useful results and conclusions, as long as the 
voltages and currents remain within the operating conditions under which these simple 
linear models are valid. Similarly, the use of a linear retarding force to represent fric- 
tional effects in eq. (1.83) is an approximation with a range of validity. Consequently, 
although we will not address this issue in the book, it is important to remember that 
an essential component of engineering practice in using the methods we develop here 
consists of identifying the range of validity of the assumptions that have gone into a 
model and ensuring that any analysis or design based on that model does not violate those 
assumptions. 


1.5.2 Interconnections of Systems 


An important idea that we will use throughout this book is the concept of the interconnec- 
tion of systems. Many real systems are built as interconnections of several subsystems. 
One example is an audio system, which involves the interconnection of a radio receiver, 
compact disc player, or tape deck with an amplifier and one or more speakers. Another is 
a digitally controlled aircraft, which is an interconnection of the aircraft, described by its 
equations of motion and the aerodynamic forces affecting it; the sensors, which measure 
various aircraft variables such as accelerations, rotation rates, and heading; a digital au- 
topilot, which responds to the measured variables and to command inputs from the pilot 
(e.g., the desired course, altitude, and speed); and the aircraft's actuators, which respond 
to inputs provided by the autopilot in order to use the aircraft control surfaces (rudder, 
tail, ailerons) to change the aerodynamic forces on the aircraft. By viewing such a system 
as an interconnection of its components, we can use our understanding of the component 
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(a) 


Input (+) Output 


Output 





(с) 


Figure 1.42 Interconnection of two systems: (a) series (cascade) intercon- 
nection; (b) parallel interconnection; (c) series-parallel interconnection. 


systems and of how they are interconnected in order to analyze the operation and behavior 
of the overall system. In addition, by describing a system in terms of an interconnection of 
simpler subsystems, we may in fact be able to define useful ways in which to synthesize 
complex systems out of simpler, basic building blocks. 

While one can construct a variety of system interconnections, there are several basic 
ones that are frequently encountered. A series or cascade interconnection of two systems 
is illustrated in Figure 1.42(a). Diagrams such as this are referred to as block diagrams. 
Here, the output of System 1 is the input to System 2, and the overall system transforms 
an input by processing it first by System 1 and then by System 2. An example of a series 
interconnection is a radio receiver followed by an amplifier. Similarly, one can define a 
series interconnection of three or more systems. 

A parallel interconnection of two systems is illustrated in Figure 1.42(b). Here, the 
same input signal is applied to Systems 1 and 2. The symbol “Ф” in the figure denotes 
addition, so that the output of the parallel interconnection is the sum of the outputs of 
Systems 1 and 2. An example of a parallel interconnection is a sirnple audio system with 
several microphones feeding into a single amplifier and speaker system. In addition to the 
simple parallel interconnection in Figure 1.42(b), we can define parallel interconnections 
of more than two systems, and we can combine both cascade and parallel interconnections 
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Input 





Figure 1.43 Feedback interconnec- 
tion. 


to obtain more complicated interconnections. An example of such an interconnection is 
given in Figure 1.42(c).4 

Another important type of system interconnection is a feedback interconnection, an 
example of which is illustrated in Figure 1.43. Here, the output of System 1 is the input to 
System 2, while the output of System 2 is fed back and added to the external input to pro- 
duce the actual input to System 1. Feedback systems arise in a wide variety of applications. 
For example, a cruise control system on an automobile senses the vehicle's velocity and 
adjusts the fuel flow in order to keep the speed at the desired level. Similarly, a digitally 
controlled aircraft is most naturally thought of as a feedback system in which differences 
between actual and desired speed, heading, or altitude are fed back through the autopilot 
in order to correct these discrepancies. Also, electrical circuits are often usefully viewed 
as containing feedback interconnections. As an example, consider the circuit depicted in 
Figure 1.44(a). As indicated in Figure 1.44(b), this system can be viewed as the feedback 
interconnection of the two circuit elements. 













Capacitor 


v = c f i (mer is 





Figure 1.44 (a) Simple electrical 
circuit; (b) block diagram in which the 
circuit is depicted as the feedback inter- 
connection of two circuit elements. 


*On occasion, we will also use the symbol ® in our pictorial representation of systems to denote the 
operation of multiplying two signals (see, for example, Figure 4.26). 
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1.6 BASIC SYSTEM PROPERTIES 


In this section we introduce and discuss a number of basic properties of continuous-time 
and discrete-time systems. These properties have important physical interpretations and 
relatively simple mathematical descriptions using the signals and systems language that 
we have begun to develop. 


1.6.1 Systems with and without Memory 


A system is said to be memoryless if its output for each value of the independent variable 
at a given time is dependent only on the input at that same time. For example, the system 
specified by the relationship 


yin] = (2х[л] — x[n]? (1.90) 


is memoryless, as the value of y[n] at any particular time по depends only on the value of 
x[n] at that time. Similarly, a resistor is a memoryless system; with the input x(t) taken as 
the current and with the voltage taken as the output y(t), the input-output relationship of a 
resistor is 


y(t) = Rx(t), (1.91) 


where R is the resistance. One particularly simple memoryless system is the identity sys- 
tem, whose output is identical to its input. That is, the input-output relationship for the 
continuous-time identity system is 


y(t) = x(t), 
and the corresponding relationship in discrete time is 
у[п] = x[n]. 


An example of a discrete-time system with memory is an accumulator or summer 


n 


yin] = >, xik], (1.92) 
К=—® 
and a second example is a delay 
уп] = x[n — 1]. (1.93) 


A capacitor is an example of a continuous-time system with memory, since if the input is 
taken to be the current and the output is the voltage, then 


y(t) = 5 Y х(т)ат, (1.94) 


where С is the capacitance. 
Roughly speaking, the concept of memory in a system corresponds to the presence 
of a mechanism in the system that retains or stores information about input values at times 
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other than the current time. For example, the delay in eq. (1.93) must retain or store the 
preceding value of the input. Similarly, the accumulator in eq. (1.92) must “remember” or 
store information about past inputs. In particular, the accumulator computes the running 
sum of all inputs up to the current time, and thus, at each instant of time, the accumulator 
must add the current input value to the preceding value of the running sum. In other words, 
the relationship between the input and output of an accumulator can be described as 


п-1 


yin] = У х] + x[n], (1.95) 
к= —оо 
or equivalently, 
yin] = уп — 1] + x[n]. (1.96) 


Represented in the latter way, to obtain the output at the current time л, the accumulator 
must remember the running sum of previous input values, which is exactly the preceding 
value of the accumulator output. 

In many physical systems, memory is directly associated with the storage of energy. 
For example, the capacitor in eq. (1.94) stores energy by accumulating electrical charge, 
represented as the integral of the current. Thus, the simple RC circuit in Example 1.8 
and Figure 1.1 has memory physically stored in the capacitor. Similarly, the automobile in 
Figure 1.2 has memory stored in its kinetic energy. In discrete-time systems implemented 
with computers or digital microprocessors, memory is typically directly associated with 
storage registers that retain values between clock pulses. 

While the concept of memory in a system would typically suggest storing past input 
and output values, our formal definition also leads to our referring to a system as having 
memory if the current output is dependent on future values of the input and output. While 
systems having this dependence on future values might at first seem unnatural, they in fact 
form an important class of systems, as we discuss further in Section 1.6.3. 


1.6.2 Invertibility and Inverse Systems 


A system is said to be invertible if distinct inputs lead to distinct outputs. As illustrated in 
Figure 1.45(a) for the discrete-time case, if a system is invertible, then an inverse system 
exists that, when cascaded with the original system, yields an output w[n] equal to the 
input x[n] to the first system. Thus, the series interconnection in Figure 1.45(a) has an 
overall input-output relationship which is the same as that for the identity system. 

An example of an invertible continuous-time system is 


y(t) = 2x(t), (1.97) 


for which the inverse system is 
1 
w(t) — 2 y(t). (1.98) 


This example is illustrated in Figure 1.45(b). Another example of an invertible system 
is the accumulator of eq. (1.92). For this system, the difference between two successive 
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(a) 


x() yt = 2хф 9-4 wt = tyo wit] = х@ 


(b) 






win] = yin] — yin — 1] => win] = xin] 





Figure 1.45 Concept of an inverse system for: (a) a general invertible sys- 
tem; (b) the invertible system described by eq. (1.97); (c) the invertible system 
defined in eq. (1.92). 


values of the output is precisely the last input value. Therefore, in this case, the inverse 
system is 


w[n] = yin] — yin — 1], (1.99) 
as illustrated in Figure 1.45(c). Examples of noninvertible systems are 
Ул] = 0, (1.100) 


that is, the system that produces the zero output sequence for any input sequence, and 
y(t) = x*(), (1.101) 


in which case we cannot determine the sign of the input from knowledge of the output. 

The concept of invertibility is important in many contexts. One example arises in 
systems for encoding used in a wide variety of communications applications. In such a 
system, a signal that we wish to transmit is first applied as the input to a system known 
as an encoder. There are many reasons for doing this, ranging from the desire to encrypt 
the original message for secure or private communication to the objective of providing 
some redundancy in the signal (for example, by adding what are known as parity bits) 
so that any errors that occur in transmission can be detected and, possibly, corrected. For 
lossless coding, the input to the encoder must be exactly recoverable from the output; i.e., 
the encoder must be invertible. 


1.6.3 Causality 


A system is causal if the output at any time depends only on values of the input at the 
present time and in the past. Such a system is often referred to as being nonanticipative, as 
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the system output does not anticipate future values of the input. Consequently, if two inputs 
to a causal system are identical up to some point in time tọ or no, the corresponding outputs 
must also be equal up to this same time. The ЁС circuit of Figure 1.1 is causal, since 
the capacitor voltage responds only to the present and past values of the source voltage. 
Similarly, the motion of an automobile is causal, since it does not anticipate future actions 
of the driver. The systems described in eqs. (1.92) — (1.94) are also causal, but the systems 
defined by 


y[n] = x[n] — x[n + 1] (1.102) 
and 
y(t) = x(t + 1) (1.103) 


are not. All memoryless systems are causal, since the output responds only to the current 
value of the input. 

Although causal systems are of great importance, they do not by any means constitute 
the only systems that are of practical significance. For example, causality is not often an 
essential constraint in applications in which the independent variable is not time, such as in 
image processing. Furthermore, in processing data that have been recorded previously, as 
often happens with speech, geophysical, or meteorological signals, to name a few, we are 
by no means constrained to causal processing. As another example, in many applications, 
including historical stock market analysis and demographic studies, we may be interested 
in determining a slowly varying trend in data that also contain high-frequency fluctuations 
about that trend. In this case, a commonly used approach is to average data over an interval 
in order to smooth out the fluctuations and keep only the trend. An example of a noncausal 
averaging system is 


+M 


© xn - B. (1.104) 


=-М 


1 
yin] = 2М +1, 


Example 1.12 


When checking the causality of a system, it is important to look carefully at the input- 
output relation. To illustrate some of the issues involved in doing this, we will check the 
causality of two particular systems. 

The first system is defined by 


yin] = x[7n]. (1.105) 


Note that the output y[no] at a positive time по depends only on the value of the input 
signal x[—no] at time (— no), which is negative and therefore in the past of ng. We may 
be tempted to conclude at this point that the given system is causal. However, we should 
always be careful to check the input-output relation for all times. In particular, for n < 0, 
,e.g.n = —4, we see that y[—4] = x[4], so that the output at this time depends on a future 
value of the input. Hence, the system is not causal. 
It is also important to distinguish carefully the effects of the input from those of 
any other functions used in the definition of the system. For example, consider the system 


y(t) = x(t) cos(t + 1). (1.106) 


48 


Signals and Systems, Second Edition 


. In this system, the output at any time ¢ equals the input at that same time multiplied by 
__ a number that varies with time. Specifically, we can rewrite eq. (1.106) as 


yt) = x(t)g(t), 


where g(t) is a time-varying function, namely g(t) = cos(t + 1). Thus, only the current 
value of the input x(t) influences the current value of the output y(t), and we conclude 
that this system is causal (and, in fact, memoryless). 


1.6.4 Stability 


Stability is another important system property. Informally, a stable system is one in which 
small inputs lead to responses that do not diverge. For example, consider the pendulum in 
Figure 1.46(a), in which the input is the applied force x(f) and the output is the angular 
deviation y(t) from the vertical. In this case, gravity applies a restoring force that tends 
to return the pendulum to the vertical position, and frictional losses due to drag tend to 
slow it down. Consequently, if a small force x(t) is applied, the resulting deflection from 
vertical will also be small. In contrast, for the inverted pendulum in Figure 1.46(b), the 
effect of gravity is to apply a force that tends to increase the deviation from vertical. Thus, 
a small applied force leads to a large vertical deflection causing the pendulum to topple 
over, despite any retarding forces due to friction. 

The system in Figure 1.46(a) is an example of a stable system, while that in Fig- 
ure 1.46(b) is unstable. Models for chain reactions or for population growth with unlim- 
ited food supplies and no predators are examples of unstable systems, since the system 
response grows without bound in response to small inputs. Another example of an unsta- 
ble system is the model for a bank account balance in eq. (1.86), since if an initial deposit 
is made (i.e., x[0] — a positive amount) and there are no subsequent withdrawals, then 
that deposit will grow each month without bound, because of the compounding effect of 
interest payments. 


x(t) 


x(t) 





Figure 1.46 (а) A stable pendulum; 
(b) an unstable inverted pendulum. 
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There are also numerous examples of stable systems. Stability of physical systems 
generally results from the presence of mechanisms that dissipate energy. For example, 
assuming positive component values in the simple RC circuit of Example 1.8, the resistor 
dissipates energy and this circuit is a stable system. The system in Example 1.9 is also 
stable because of the dissipation of energy through friction. 

The preceding examples provide us with an intuitive understanding of the concept 
of stability. More formally, if the input to a stable system is bounded (i.e., if its magnitude 
does not grow without bound), then the output must also be bounded and therefore cannot 
diverge. This is the definition of stability that we will use throughout this book. For exam- 
ple, consider applying a constant force f(t) = F to the automobile in Figure 1.2, with the 
vehicle initially at rest. In this case the velocity of the car will increase, but not without 
bound, since the retarding frictional force also increases with velocity. In fact, the velocity 
will continue to increase until the frictional force exactly balances the applied force; so, 
from eq. (1.84), we see that this terminal velocity value V must satisfy 


La 5р (1.107) 
m 


V= (1.108) 


As another example, consider the discrete-time system defined by eq. (1.104), and 
suppose that the input x[n] is bounded in magnitude by some number, say, B, for all values 
of n. Then the largest possible magnitude for y[n] is also B, because y[n] is the average 
of a finite set of values of the input. Therefore, y[n] is bounded and the system is stable. 
On the other hand, consider the accumulator described by eq. (1.92). Unlike the system 
in eq. (1.104), this system sums all of the past values of the input rather than just a finite 
set of values, and the system is unstable, since the sum can grow continually even if x[n] 
is bounded. For example, if the input to the accumulator is a unit step u[n], the output 
will be 

n 


yin) = >` uk] = (n + Du[n]. 


That is, у[0] = 1, y[1] = 2, y[2] = 3, and so on, and y[n] grows without bound. 


Example 1.13 


If we suspect that a system is unstable, then a useful strategy to verify this is to look for 

_ a specific bounded input that leads to an unbounded output. Finding one such example 

_ enables us to conclude that the given system is unstable. If such an example does not 

~ exist or is difficult to find, we must check for stability by using a method that does not 

. utilize specific examples of input signals. To illustrate this approach, let us check the 
stability of two systems, 


Si: y(t) = tx(t) (1.109) 
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and 
So: y(t) = ех. (1.110) 


In seeking a specific counterexample in order to disprove stability, we might try simple 
bounded inputs such as a constant or a unit step. For system S, in eq. (1.109), a constant 
input x(t) = 1 yields y(t) = t, which is unbounded, since no matter what finite con- 
stant we pick, |y(t)| will exceed that constant for some t. We conclude that system S; is 
unstable. 

j For system S2, which happens to be stable, we would be unable to find a bounded 
.... input that results in an unbounded output. So we proceed to verify that all bounded inputs 
__. result in bounded outputs. Specifically, let B be an arbitrary positive number, and let x(t) 

/ be an arbitrary signal bounded by B; that is, we are making no assumption about x(t), 

_ except that 


|x(t)| < B, (1.111) 
or 
—B < x(t) < B, (1.112) 


_ for all г. Using the definition of Sz in eq. (1.110), we then see that if x(t) satisfies 
_ eq. (1.111), then y(t) must satisfy 


e? <|y(n)| < её. (1.113) 


We conclude that if any input to Sz is bounded by an arbitrary positive number B, the 
corresponding output is guaranteed to be bounded by e”. Thus, 5» is stable. 


The system properties and concepts that we have introduced so far in this section 
are of great importance, and we will examine some of these in more detail later in the 
book. There remain, however, two additional properties—time invariance and linearity— 
that play a particularly central role in the subsequent chapters of the book, and in the 
remainder of this section we introduce and provide initial discussions of these two very 
important concepts. 


1.6.5 Time Invariance 


Conceptually, a system is time invariant if the behavior and characteristics of the system 
are fixed over time. For example, the RC circuit of Figure 1.1 is time invariant if the 
resistance and capacitance values R and C are constant over time: We would expect to 
get the same results from an experiment with this circuit today as we would if we ran the 
identical experiment tomorrow. On the other hand, if the values of R and C are changed 
or fluctuate over time, then we would expect the results of our experiment to depend on 
the time at which we run it. Similarly, if the frictional coefficient b and mass m of the 
automobile in Figure 1.2 are constant, we would expect the vehicle to respond identically 
independently of when we drive it. On the other hand, if we load the auto's trunk with 
heavy suitcases one day, thus increasing т, we would expect the car to behave differently 
than at other times when it is not so heavily loaded. 

The property of time invariance can be described very simply in terms of the signals 
and systems language that we have introduced. Specifically, a system is time invariant if 


Chapter 1 Signals and Systems 51 


a time shift in the input signal results in an identical time shift in the output signal. That 
is, if y[n] is the output of a discrete-time, time-invariant system when x[n] is the input, 
then y [n — no] is the output when x [n — no] is applied. In continuous time with y(t) the 
output corresponding to the input x(t), a time-invariant system will have y (t — fo) as the 
output when x (t — to) is the input. 

To see how to determine whether a system is time invariant or not, and to gain some 
insight into this property, consider the following examples: 


Example 1.14 
Consider the continuous-time system defined by 
y(t) = sin[x(t)]. (1.114) 


тъ check that this system is time invariant, we must determine whether the time- 
ES invariance property holds for any input and any time shift tj. Thus, let хү(ї) be an 
|. arbitrary input to this system, and let 


yi(t) = sin[xi(t)] (1.115) 
be the corresponding output. Then consider a second input obtained by shifting x(t) in 
time: 

x2(t) = xı (t — to). (1.116) 
The output corresponding to this input is 

y(t) = sin| x2(t)] = sin[xi (t — to)]. (1.117) 
i Similarly, from eq. (1.115), 
yi(t — to) = sin[xı (t — to)]. (1.118) 


Comparing eqs. (1.117) and (1.118), we see that y2(t) = yı (t — to), and therefore, this 
___ system is time invariant. 


Example 1.15 
©» As a second example, consider the discrete-time system 
y[n] = nx[n]. (1.119) 


__ This is a time-varying system, a fact that can be verified using the same formal procedure 

__ as that used in the preceding example (see Problem 1.28). However, when a system is 
— suspected of being time varying, an approach to showing this that is often very useful 

.. is to seek a counterexample—i.e., to use our intuition to find an input signal for which 

_ the condition of time invariance is violated. In particular, the system in this example 
represents a system with a time-varying gain. For example, if we know that the current 
input value is 1, we cannot determine the current output value without knowing the 
current time. 

Consequently, consider the input signal x,[n] = 5[n], which yields an output 
yı[n] that is identically 0 (since nó[n] = 0). However, the input х›[п] = ó[n — 1] yields 
the output y2[”] = nó[n— 1] = ó[n— 1]. Thus, while x2[n] is a shifted version of x, [n], 
y2[n] is not a shifted version of y; [n]. 
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While the system in the preceding example has a time-varying gain and as a result 
is a time-varying system, the system in eq. (1.97) has a constant gain and, in fact, is time 
invariant. Other examples of time-invariant systems are given by eqs. (1.91)-(1. ы Тһе 
following example illustrates a time-varying system. 


Example 1.16 


Consider the system 
y(t) = х(20). (1.120) 


___ This system represents a time scaling. That is, y(t) is a time-compressed (by a factor of 

_ 2) version of x(t). Intuitively, then, any time shift in the input will also be compressed 
by a factor of 2, and it is for this reason that the system is not time invariant. To demon- 
strate this by counterexample, consider the input x(t) shown in Figure 1.47(a) and the 
. resulting output ут (г) depicted in Figure 1.47(b). If we then shift the input by 2—i.e., 
consider x2(t) = x,(t — 2), as shown in Figure 1.47(c)—we obtain the resulting output 





x(t) y(t) 


1 1 
=2 2 t -1 1 t 
(a) (Е) 
xo(t) = х@—2) yo(t) 


- 
e 
N 
^ 





(e) 


Figure 1.47 (а) The input x(t) to the system in Example 1.16; (b) the 
output y,(f) corresponding to x; (t); (c) the shifted input x(t) = x(t — 2); 
(d) the output y2(t) corresponding to x(t); (e) the shifted signal y,(t — 2). 
Note that y2(t) = yı (t — 2), showing that the system is not time invariant. 
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y2(t) = x2(2t) shown in Figure 1.47(d). Comparing Figures 1.47(d) and (e), we see that 
y2(t) ** yi(t — 2), so that the system is not time invariant. (In fact, y2(t) = yi(t — 1), so 
that the output time shift is only half as big as it should be for time invariance, due to the 
time compression imparted by the system.) 


1.6.6 Linearity 


A linear system, in continuous time or discrete time, is a system that possesses the impor- 
tant property of superposition: If an input consists of the weighted sum of several signals, 
then the output is the superposition— that is, the weighted sum—of the responses of the 
system to each of those signals. More precisely, let y; (f) be the response of а continuous- 
time system to an input x;(f), and let y2(t) be the output corresponding to the input x»(f). 
Then the system is linear if: 


1. The response to x1(£) + x(t) is у1(0) + yo(t). 
2. The response to ax;(t) is ау|(ї), where a is any complex constant. 


The first of these two properties is known as the additivity property; the second is known 
as the scaling or homogeneity property. Although we have written this description using 
continuous-time signals, the same definition holds in discrete time. The systems specified 
by eqs. (1.91)-(1.100), (1.102)-(1.104), and (1.119) are linear, while those defined by 
eqs. (1.101) and (1.114) are nonlinear. Note that a system can be linear without being 
time invariant, as in eq. (1.119), and it can be time invariant without being linear, as in 
eqs. (1.101) and (1.114). 

The two properties defining a linear system can be combined into a single statement: 


continuous time: axi(t) + bx2(t) —> ayi(t) + Ьу»(ї), (1.121) 
discrete time: ax; [n] + bx2[n] — ayi[n] + by2[n]. (1.122) 
Here, a and b are any complex constants. Furthermore, it is straightforward to show from 
the definition of linearity that if x,[n], k — 1,2, 3,..., are a set of inputs to a discrete- 


time linear system with corresponding outputs у; [л], k = 1, 2, 3, ..., then the response to 
a linear combination of these inputs given by 


x[n] = X ayxi[n] = aixi[n] + аух[п] + asxs[n] +... (1.123) 
k 


is 
yin] = X ayain] = aryiln) + ayain] + asysIn] +... (1.124) 
k 


This very important fact is known as the superposition property, which holds for linear 
systems in both continuous and discrete time. 

A direct consequence of the superposition property is that, for linear systems, an 
input which is zero for all time results in an output which is zero for all time. For example, 
if x[n] — y[n], then the homogeneity property tells us that 


0 = 0- x[n] > 0- yin] = 0. ` (1125) 
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In the following examples we illustrate how the linearity of a given system can be 
checked by directly applying the definition of linearity. 


Example 1.17 
Consider a system 5 whose input x(t) and output y(t) are related by 
y(t) = tx(t) 
_ To determine whether or not 5 is linear, we consider two arbitrary inputs x; (f) and x2(f). 
xi(f) > y(t) = txt) 
0(0) > yx(t) = txx(t) 
-. Let x3(t) be a linear combination of x; (f) and x2(t). That is, 
x3(t) = axı(t) + bx2(t) 
where a and b are arbitrary scalars. If x3(t) is the input to S, then the corresponding 
output may be expressed as 
y3(t) = txs(f) 
t(axy(t) + bx2(t)) 
atx,(t) + btx2(t) 
ue ay(t) + by2(t) 
_ We conclude that the system S is linear. 


Example 1.18 


Let us apply the linearity-checking procedure of the previous example to another system 
S whose input x(t) and output y(t) are related by 


y(t) = xn 


Defining x(t), x2(t), and x3(t) as in the previous example, we have 


x(t) > y = x0 
x2(t) > у) = xt) 
and 
x3(t) > y3(t) = х() 
= (axi(t) + bx2(t))? 
= ах) + b'xÀ(t) + 2abxi(t)xo(t) 
= a^yi(t) + b’y2(t) + 2abxi(t)xa(t) 
Clearly, we can specify xi(t), x2(t), а, and b such that ys(t) is not the same as ay, (r) + 


_ byo(t). For example, if xi(r) = 1, x(t) = 0,a = 2,andb = 0, then y(t) = (2х1(0))? = 
4, but 2yi(t) = 2(x:(t))* = 2. We conclude that the system 5 is not linear. 


Example 1.19 


_ In checking the linearity of a system, it is important to remember that the system must 
~ satisfy both the additivity and homogeneity properties and that the signals, as well as 
_ any scaling constants, are allowed to be complex. To emphasize the importance of these 
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points, consider the system specified by 
yin] = Gte(x[n]). (1.126) 


As shown in Problem 1.29, this system is additive; however, it does not satisfy the ho- 
mogeneity property, as we now demonstrate. Let 


x[n] = rin] + js[n] (1.127) 


be an arbitrary complex input with real and imaginary parts r[n] and s[n], respectively, 
so that the corresponding output is 


yiln] = rin]. (1.128) 


Now, consider scaling x;[n] by a complex number, for example, а = j; i.e., consider 
the input 

x[n] = }х\[п] = Jin] + Js{n]) (1.129) 
—s[n] + jr[n]. 


The output corresponding to x2[m] is 


yaln] = Re{x2[n]} = —s[n], (1.130) 
which is not equal to the scaled version of у! [л], 
ay;[n] = jrin]. (1.131) 


We conclude that the system violates the homogeneity property and hence is not linear. 


Example 1.20 
Consider the system 
y[n] = 2x[n] + 3. (1.132) 


This system is not linear, as can be verified in several ways. For example, the system 
violates the additivity property: If х1[л] = 2 and x2[n] = 3, then 


xi[n] > yi [nm] = 2xi[n] + 3 = 7, (1.133) 

x[n] > ya[n] = 2x2[n] +3 = 9. (1.134) 
However, the response to x3[n] = xi[n] + x2[n] is 

y3[n] = 2[x,[n] + x2[n]] + 3 = 13, (1.135) 


which does not equal y; [n] + y2[n] = 16. Alternatively, since y[n] = 3 if x[n] = 0, we 
see that the system violates the “zero-in/zero-out” property of linear systems given in 
eq. (1.125). 

It may seem surprising that the system in the above example is nonlinear, since 
eq. (1.132) is a linear equation. On the other hand, as depicted in Figure 1.48, the output 
of this system can be represented as the sum of the output of a linear system and another 
signal equal to the zero-input response of the system. For the system in eq. (1.132), the 

_ linear system is 


x[n] — 2x[n], 


and the zero-input response is 


yo[n] = 3. 
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Yo (t) 


Linear 


Figure 1.48 Structure of an incrementally linear system. Here, yo(t) is the 
zero-input response of the system. 


There are, in fact, large classes of systems in both continuous and discrete time that 
can be represented as in Figure 1.48—1.е., for which the overall system output consists 
of the superposition of the response of a linear system with a zero-input response. As 
shown in Problem 1.47, such systems correspond to the class of incrementally linear 
systems—i.e., systems in continuous or discrete time that respond linearly to changes in 
the input. In other words, the difference between the resporises to any two inputs to an 
incrementally linear system is a linear (i.e., additive and homogeneous) function of the 
difference between the two inputs. For example, if xı [n] and x2[n] are two inputs to the 
system specified by eq. (1.132), and if yı[n] and у;[л] are the corresponding outputs, 
then 


yin] — у;[л] = 2xi[n] + 3 — {2x2[n] + 3} = 2{ x[n] — x2[n]} . (1.136) 


1.7 SUMMARY 


In this chapter, we have developed a number of basic concepts related to continuous-time 
and discrete-time signals and systems. We have presented both an intuitive picture of what 
signals and systems are through several examples and a mathematical representation for 
signals and systems that we will use throughout the book. Specifically, we introduced 
graphical and mathematical representations of signals and used these representations in 
performing transformations of the independent variable. We also defined and examined 
several basic signals, both in continuous time and in discrete time. These included com- 
plex exponential signals, sinusoidal signals, and unit impulse and step functions. In ad- 
dition, we investigated the concept of periodicity for continuous-time and discrete-time 
signals. 

In developing some of the elementary ideas related to systems, we introduced block 
diagrams to facilitate our discussions concerning the interconnection of systems, and we 
defined a number of important properties of systems, including causality, stability, time 
invariance, and linearity. 

The primary focus in most of this book will be on the class of linear, time-invariant 
(LTI) systems, both in continuous time and in discrete time. These systems play a par- 
ticularly important role in system analysis and design, in part due to the fact that many 
systems encountered in nature can be successfully modeled as linear and time invariant. 
Furthermore, as we shall see in the following chapters, the properties of linearity and time 
invariance allow us to analyze in detail the behavior of LTI systems. 
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Chapter 1 Problems 


Basic problems emphasize the mechanics of using concepts and methods in a man- 


ner similar to that illustrated in the examples that are solved in the text. 


Advanced problems explore and elaborate upon the foundations and practical im- 


plications of the textual material. 


The first section of problems belongs to the basic category, and the answers are pro- 


vided in the back of the book. The next two sections contain problems belonging to the 
basic and advanced categories, respectively. A final section, Mathematical Review, pro- 
vides practice problems on the fundamental ideas of complex arithmetic and algebra. 


BASIC PROBLEMS WITH ANSWERS 


1.1. 


1.2. 


1.3. 


1.4. 


1.5. 


1.6. 


1.7. 


1.8. 


1.9. 


Express each of the following complex numbers in Cartesian form (x + jy): зе)", 
je iv, ei" e -jm eisai ?2ејт/4, e974 ae j9m/A ‚ /2е -jml4 


Express each of the following complex numbers in polar form (re/?, with —7 < 
6 = 755,-2,-3j, 1 - j$, 1+ j,0- X, ja- }), 0+ DII 602 + Ју 


(1+ j 3). - 

Determine the values of P.. and E.. for each of the following signals: 

(a) x(t) =e u(t) (b) x(t) = eere (c) x3(t) = cos(t) 

(d) x[n] = Guin] (е) x[n] = ei) — (f) x[n] = cos(Zn) 

Let x[n] be a signal with x[n] = 0 for n < —2 and n > 4. For each signal given 
below, determine the values of n for which it is guaranteed to be zero. 

(a) x[n — 3] (b) x[n + 4] (c) х[—л] 

(d) x[—n + 2] (е) x[—n — 2] 

Let x(t) be a signal with x(t) = 0 for t < 3. For each signal given below, determine 
the values of г for which it is guaranteed to be zero. 

(а) x1-n (b x1-0--x2-0 (0 х1 0)х(2- 0 

(d) x(3t) (е) x(t/3) 

Determine whether or not each of the following signals is periodic: 

(a) xi(t) = 2e/t*7/y(r) (b) [и] = u[n] + u[—n] 
(с) x3[n] = $7. .(ó[n — 4k] - [л — 1 — 40} 

For each signal given below, determine all the values of the independent variable at 
which the even part of the signal is guaranteed to be zero. 

(а) x[n] = u[n] – ил – 4] (b) x(t) = sinr) 

(с) хз[л] = (5)"uln — 3] (d) x4(t) = e u(t + 2) 

Express the real part of each of the following signals in the form Ае“! cos(wt + ф), 
where A, a, w, and ф are real numbers with A > 0 and —7 < $ = т: 

(a) x\(t) = —2 (b) x2(t) = J2e/74 cos(3t + 277) 

(с) x3(t) = e'sin(3¢+ m) (0) x4(t) = je'?*/!00v 

Determine whether or not each of the following signals is periodic. If a signal is 
periodic, specify its fundamental period. 


= 10r zoo + = pilana 
(а) DT e E Je amin us o M agis Un (©) xsin] " 
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1.10. 
1.11. 
1.12. 


1.13. 


1.14. 


1.15. 


1.16. 
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Determine the fundamental period of the signal x(t) = 2 соѕ(107 + 1) — sin(4t — 1). 
Determine the fundamental period of the signal x[n] = 1 + е#т"7 — e/277/5, 
Consider the discrete-time signal 
x[n] = 1 = dnos 1 — Kj. 
k=3 
Determine the values of the integers M and n so that x[n] may be expressed as 
x[n] = u[Mn — по]. 
Consider the continuous-time signal 
x(t) = ó(t + 2) — é(t — 2). 
Calculate the value of E» for the signal 


y(t) = | х(т)ат. 


Consider a periodic signal 


EE 0<гр<1 
xo -[*, 1«t«2 


with period T = 2. The derivative of this signal is related to the “impulse train” 


60 = У) 80-20 





к= – о 
with period Т = 2. It can be shown that 
dx(t 
х0 = Aig(t — п) + Aog(t — h). 


Determine the values of A), 11, Az, and fp. 


Consider a system S with input x[n] and output у[л]. This system is obtained through 
a series interconnection of a system S; followed by a system 55. The input-output 
relationships for $; and S» are 


$i: у\[л] = 2xi[n] + 4xi[n – 1} 
$: yaln] = xn - 21+ on - 31 


where x; [n] and x2[n] denote input signals. 

(a) Determine the input-output relationship for system S. 

(b) Does the input-output relationship of system S change if the order in which 5; 
and S, are connected in series is reversed (i.e., if Sz follows $1)? 

Consider a discrete-time system with input x[n] and output у[л]. The input-output 

relationship for this system is 


yin] = x[n]x[n — 2]. 


117. 


1.18. 


1.19. 


1.20. 
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(a) Is the system memoryless? 

(b) Determine the output of the system when the input is Ad[n], where A is any 
real or complex number. 

(c) Is the system invertible? 


Consider a continuous-time system with input x(t) and output y(t) related by 
y(t) = x(sin(r)). 


(a) Is this system causal? 

(b) Is this system linear? 

Consider a discrete-time system with input x[n] and output у[л] related by 
n+no 


yin = >, xk 


k-n-ng 


where ло is a finite positive integer. 

(a) Is this system linear? 

(a) Is this system time-invariant? 

(c) If x[n] is known to be bounded by a finite integer B (i.e., |x[n]| « B for all n), it 
can be shown that у[л] is bounded by a finite number C. We conclude that the 
given system is stable. Express C in terms of B and ло. 

For each of the following input-output relationships, determine whether the corre- 

sponding system is linear, time invariant or both. 

(a) y(t) = ?x(t — 1) (b) yin] = x?[n – 2] 

(c) yin] = x[n+ 1] — xn — 1] (d) уи] = 6d(x(0) 

A continuous-time linear system S with input x(t) and output y(t) yields the follow- 

ing input-output pairs: 


s і r 
x(t) = e?! — y(t) = e, 


x(t) = e 7)! — y(t) = еі, 


(a) If xi(t) = cos(2r), determine the corresponding output y; (г) for system 5. 
(b) If x2(t) = cos(2(t — 1)), determine the corresponding output y2(t) for sys- 
tem $. 


BASIC PROBLEMS 


1.21. 


1.22. 


A continuous-time signal x(t) is shown in Figure P1.21. Sketch and label carefully 
each of the following signals: 

(a) x(t — 1) (b) x2 — 0 (c) xQt + 1) 

(d x4- 5) (е) [х0 + (и) — (Ó x(O[5(t 3) – 8(— 3) 


A discrete-time signal is shown in Figure P1.22. Sketch and label carefully each of 
the following signals: 

(a) x[n — 4] (b) x[3 — n] (c) x[3n] 

(d) x[3n + 1] (e) x[n]u[3 — n] (f) x[n — 2]ó[n — 2] 


(g) ixin] + 3(7D"x[n] h) x[(n — 10] 
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Figure P1.21 Figure P1.22 


1.23. Determine and sketch the even and odd parts of the signals depicted in Figure P1.23. 
Label your sketches carefully. 


x(t) 






The line 
x(t) = —2t fort < 0 


“~The line 
x(t) =t fort >0 






(©) Figure Р1.23 


1.24. Determine and sketch the even and odd parts of the signals depicted in Figure P1.24. 
Label your sketches carefully. 
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Figure P1.24 


1.25. Determine whether or not each of the following continuous-time signals is periodic. 
If the signal is periodic, determine its fundamental period. 
(a) x(t) = 3cos(4t + 5) (b) x(t) = ет!) 
(с) x(t) = [cos(2r — 2)? (d) x(t) = &{cos(42t)u(t)} 


(е) x(t) = &(sin(4mt)u()) (0 x() = У e? – п) 
1.26. Determine whether ог not each of the following discrete-time signals is periodic. If 
the signal is periodic, determine its fundamental period. 
(a) x[n] = sin(Fn +1) (b) x[n] = cos(g — 7) (с) x[n] = cos(2 n?) 
(d) x[n] = cos(7n)cos(7n) (е) x[n] = 2cos(7n) + sin(Fn) — 2cos(7n + =) 
1.27. In this chapter, we introduced a number of general properties of systems. In partic- 
ular, a system may or may not be 
(1) Memoryless 
(2) Time invariant 
(3) Linear 
(4) Causal 
(5) Stable 
Determine which of these properties hold and which do not hold for each of the 
following continuous-time systems. Justify your answers. In each example, y(t) de- 
notes the system output and x(t) is the system input. 
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1.28. 


1.29. 


1.30. 


1.31. 
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(a) y(t) = x(t - 2) + x(2 — t) (b) y(t) = [cos(32)] x(t) 
ya [6 t«0 
(с) y(t) = | 22, х(т)ат (d) »() = | x(t)+x(t—2), t=0 


_ |0, x(t) <0 
(e) уб) = | x+ х—2), x(t) =0 
— dx(t) 
(е) уф = 92 
Determine which of the properties listed in Problem 1.27 hold and which do not 


hold for each of the following discrete-time systems. Justify your answers. In each 
example, y[n] denotes the system output and x[n] is the system input. 


(f) (t) = x(t/3) 


(a) у[л] = x[—n] (b) y[n] = x[n — 2] — 2x[n — 8] 
(с) у[п] = nx[n] (d) y[n] = &(x[n — 1]} 
x[n], п > 1 x[n, nzl 
(e) y[n] = 4 0, n=0 (f) y[n] - 4 0, n=0 
x[n+1], n=-l xn] n s -1 


(g) yin] = x[4n + 1] 

(a) Show that the discrete-time system whose input x[n] and output y[n] are related 
by y[n] = Re{x[n]} is additive. Does this system remain additive if its input- 
output relationship is changed to y[n] = (te(e/7"^ x[n])? (Do not assume that 
x[n] is rea] in this problem.) 

(b) In the text, we discussed the fact that the property of linearity for a system is 
equivalent to the system possessing both the additivity property and homogene- 
ity property. Determine whether each of the systems defined below is additive 
and/or homogeneous. Justify your answers by providing a proof for each prop- 
erty if it holds or a counterexample if it does not. 

xpmdin 2) р - 1] ¥0 


: = _1 rdx(t)32 i] = x[n— T 
© x0 = ш T 80 yin] [o afin - 1] = 0 


Determine if each of the following systems is invertible. If it is, construct the inverse 
system. If it is not, find two input signals to the system that have the same output. 
(a) y(t) = x(t – 4) (b) y(t) = cos[xit)] 
(с) yin] = nx[n] (d) y(t) = ['„җ(т)4т 

x[n — 1], п >] 
(e) у[л] = 4 0, п=0 (0 yin] = x[n]x[n — 1] 

x[n], ns =l 
(g) y[n] = x[1 — n] h) y(t) = [',e *?x(r)dr 
@ yin] = Xi. .G"*x[K] (Gj) у = 99 

_ | x[n + 1], n=0 = 

® yin = {ETE MEO @ x = х0) 
(m) у[л] = x[2n] (n) yin] = Lum Wadi 


In this problem, we illustrate one of the most important consequences of the prop- 
erties of linearity and time invariance. Specifically, once we know the response 
of a linear system or a linear time-invariant (LTI) system to a single input or the 
responses to several inputs, we can directly compute the responses to many other 
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input signals. Much of the remainder of this book deals with a thorough exploitation 
of this fact in order to develop results and techniques for analyzing and synthesizing 
LTI systems. 

(a) Consider an LTI system whose response to the signal x) (t) in Figure P1.31(a) is 
the signal y; (1) illustrated in Figure P1.31(b). Determine and sketch carefully 
the response of the system to the input x2(t) depicted in Figure P1.31(c). 

(b) Determine and sketch the response of the system considered in part (a) to the 
input x3(t) shown in Figure P1.31(d). 


х (t) yı (t) 
2 
1 1 
g YT 2 t 0 1 2 t 
(a) (b) 
X» (t) Xs (t) 
2 
1 
-1 0 1 2 t 





(d) Figure P1.31 


ADVANCED PROBLEMS 


1.32. Let x(t) be a continuous-time signal, and let 
yi(t) = x(2t) and y2(t) = x(t/2). 


The signal y; (1) represents a speeded up version of x(t) in the sense that the duration 
of the signal is cut in half. Similarly, y2(t) represents a slowed down version of 
x(t) in the sense that the duration of the signal is doubled. Consider the following 
statements: 

(1) If x(t) is periodic, then y; (t) is periodic. 

(2) If y;(t) is periodic, then x(t) is periodic. 

(3) If x(t) is periodic, then у» (7) is periodic. 

(4) If y»(t) is periodic, then x(t) is periodic. 
For each of these statements, determine whether it is true, and if so, determine the 
relationship between the fundamental periods of the two signals considered in the 
statement. If the statement is not true, produce a counterexample to it. 


1.33. Let x[n] be a discrete-time signal, and let 


у\[л] = x[2n] and у›[и] = ш атл, 
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1.34. 


1.35. 
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The signals y; [n] and y2[n] respectively represent in some sense the speeded up and 
slowed down versions of x[n]. However, it should be noted that the discrete-time 
notions of speeded up and slowed down have subtle differences with respect to their 
continuous-time counterparts. Consider the following statements: 

(1) If x[n] is periodic, then y; [л] is periodic. 

(2) у; [л] is periodic, then x[n] is periodic. 

(3) If x[n] is periodic, then y2[n] is periodic. 

(4) If y2[n] is periodic, then x[n] is periodic. 
For each of these statements, determine whether it is true, and if so, determine the 
relationship between the fundamental periods of the two signals considered in the 
statement. If the statement is not true, produce a counterexample to it. 
In this problem, we explore several of the properties of even and odd signals. 

(a) Show that if x[n] is an odd signal, then 


+0 


>, x[n] = 0. 


п=—©® 


(b) Show that if x, [n] is an odd signal and x2[7] is an even signal, then хү[п]хә[л] 
is an odd signal. 
(c) Let x[n] be an arbitrary signal with even and odd parts denoted by 


xe[n] = &v[x[n]) 
and 

xo[n] = Od{x[n]}. 
Show that 


To +оо 


To 
> х] = > xp) >, xnl. 


n-o n — 0 п= — о 


(d) Although parts (a)-(c) have been stated in terms of discrete-time signals, the 
analogous properties are also valid in continuous time, To demonstrate this, 
show that 


| Е х2(04: = | й x2(t)dt + i xX(t)dt, 


where x(t) and x,(t) are, respectively, the even and odd parts of x(t). 

Consider the periodic discrete-time exponential time signal 
x[n] - gj QI N)n. 
Show that the fundamental period of this signal is 
No = N/ged(m, N), 
where gcd(m, N) is the greatest common divisor of m and N—that is, the largest 
integer that divides both m and N an integral number of times. For example, 
gcd(2, 3) = 1, gcd(2, 4) = 2, gcd(8, 12) = 4. 


Note that No = N if m and N have no factors in common. 


1.36. 


1.37. 


1.38. 
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Let x(t) be the continuous-time complex exponential signal 
x(t) = el^ 


with fundamental frequency wo and fundamental period То = 27r/wo. Consider the 
discrete-time signal obtained by taking equally spaced samples of x(t)—that is, 


x[n] = x(nT) = ejevT. 


(a) Show that x[n] is periodic if and only if Т/То is a rational number—that is, if 
and only if some multiple of the sampling interval exactly equals a multiple of 
the period of x(t). 
(b) Suppose that x[n] is periodic—that is, that 
T P 
ps (P1.36-1) 
where p and q are integers. What are the fundamental period and fundamental 
frequency of x[n]? Express the fundamental frequency as a fraction of oT ; 
(c) Again assuming that T/To satisfies eq. (P1.36—1), determine precisely how 
many periods of x(t) are needed to obtain the samples that form a single period 
of x[n]. 
An important concept in many communications applications is the correlation be- 
tween two signals. In the problems at the end of Chapter 2, we will have more to 
say about this topic and will provide some indication of how it is used in practice. 
For now, we content ourselves with a brief introduction to correlation functions and 
some of their properties. 
Let x(t) and y(t) be two signals; then the correlation function is defined as 


© 


Фф = [xt тудат. 


The function $,,(t) is usually referred to as the autocorrelation function of the signal 
x(t), while ф,у(7) is often called a cross-correlation function. 

(a) What is the relationship between y(t) and dy,(t)? 

(b) Compute the odd part of $, (t). 

(c) Suppose that y(t) = x(t + T). Express ф, (7) and $,,(t) in terms of $..(t). 
In this problem, we examine a few of the properties of the unit impulse function. 

(a) Show that 


1 
6(2t) = 580). 
Hint: Examine 6,(t). (See Figure 1.34.) 
(b) In Section 1.4, we defined the continuous-time unit impulse as the limit of the 


signal 5,(t). More precisely, we defined several of the properties of 5(t) by 
examining the corresponding properties of ôa (t). For example, since the signal 


ua(t) = | . ó(T)dT 
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converges to the unit step 
u(t) = lim ua (t), (P1.38-1) 


we could interpret ô(t) through the equation 


u(t) — f $(т)ат 


or by viewing (f) as the formal derivative of u(t). 

This type of discussion is important, as we are in effect trying to define 
6(t) through its properties rather than by specifying its value for each t, which 
is not possible. In Chapter 2, we provide a very simple characterization of the 
behavior of the unit impulse that is extremely useful in the study of linear time- 
invariant systems. For the present, however, we concentrate on demonstrating 
that the important concept in using the unit impulse is to understand how it 
behaves. To do this, consider the six signals depicted in Figure P1.38. Show 


ri) ra 


zu 
^ 
A А t A 2А t 
2 2 
(а) (b) 
500 ra (0 
Л, 1 
А А 
А t -å А t 
(с) (d) 


(e) (f) Figure P1.38 
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that each “behaves like an impulse" as A — 0 in that, if we let 


А 


ЩО = | 


г\(т)ат, 


Шеп 
jim ua) = u(t). 


In each case, sketch and label carefully the signal иһ (t). Note that 
(0) = 400) = 0 for all A. 


Therefore, it is not enough to define or to think of 5(f) as being zero for t # 0 
and infinite for t = 0. Rather, it is properties such as eq. (P1.38—1) that define 
the impulse. In Section 2.5 we will define a whole class of signals known as 
singularity functions, which are related to the unit impulse and which are also 
defined in terms of their properties rather than their values. 


1.39. The role played by u(t), 5(t), and other singularity functions in the study of linear 
time-invariant systems is that of an idealization of a physical phenomenon, and, as 
we will see, the use of these idealizations allow us to obtain an exceedingly impor- 
tant and very simple representation of such systems. In using singularity functions, 
we need, however, to be careful. In particular, we must remember that they are ideal- 
izations, and thus, whenever we perform a calculation using them, we are implicitly 
assuming that this calculation represents an accurate description of the behavior of 
the signals that they are intended to idealize. To illustrate, consider the equation 


x(t)ó(t) = x(0)ó(r). (P1.39-1) 
This equation is based on the observation that 
x(t)8A(t) = х(0)л(0). (P1.39-2) 


Taking the limit of this relationship then yields the idealized one given by eq. 
(P1.39—1). However, a more careful examination of our derivation of eq. (Р1.39-2) 
shows that that equation really makes sense only if x(t) is continuous at t = 0. If it 
is not, then we will not have x(t) ~ x(0) for t small. 

To make this point clearer, consider the unit step signal u(t). Recall from eq. 
(1.70) that u(t) = 0 for t < 0 and u(t) = 1 for t > 0, but that its value at t = 0 is 
not defined. [Note, for example, that ил(0) = 0 for all A, while u1(0) = 1 (from 
Problem 1.38(b)).] The fact that u(0) is not defined is not particularly bothersome, 
as long as the calculations we perform using u(t) do not rely on a specific choice for 
u(0). For example, if f(t) is a signal that is continuous at t = 0, then the value of 


+00 
| f(o)u(o)da 
does not depend upon a choice for u(0). On the other hand, the fact that u(0) is 


undefined is significant in that it means that certain calculations involving singular- 
ity functions are undefined. Consider trying to define a value for the product u(t)ó(t). 
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To see that this cannot be defined, show that 
jim [ид(08(0)] = 0, 


but 


lim{ua(64(] = 56). 


In general, we can define the product of two signals without any difficulty, 
as long as the signals do not contain singularities (discontinuities, impulses, or the 
other singularities introduced in Section 2.5) whose locations coincide. When the 
locations do coincide, the product is undefined. As an example, show that the signal 

+o 


g(t) = | и(т)8(ї — T)dT 
is identical to u(t); that is, it is O for t < 0, it equals 1 for t > 0, and it is undefined 
fort = 0. 


(a) Show that if a system is either additive or homogeneous, it has the property 
that if the input is identically zero, then the output is also identically zero. 

(b) Determine a system (either in continuous or discrete time) that is neither ad- 
ditive nor homogeneous but which has a zero output if the input is identically 
zero. 

(c) From part (a), can you conclude that if the input to a linear system is zero be- 
tween times [| and f2 in continuous time or between times n; and n in discrete 
time, then its output must also be zero between these same times? Explain your 
answer. 


1.41. Consider a system 5 with input x[n] and output у[л] related by 


1.42. 


yin] = x[n}{g[n] + gin — 1]. 


(a) If g[n] = 1 for all л, show that $ is time invariant. 
(b) If g[n] = n, show that $ is not time invariant. 

(c) If g[n] = 1 + (—1)", show that S is time invariant. 
(a) Is the following statement true or false? 


The series interconnection of two linear time-invariant systems is itself a linear, 
time-invariant system. 


Justify your answer. 
(b) Is the following statement true or false? 


The series interconnection of two nonlinear systems is itself nonlinear. 


Justify your answer. 
(c) Consider three systems with the following input-output relationships: 


System 1: — y[n] = | - in n even 


nodd ' 
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System 2: y[n] = x[n] + sen e qu —2] 
System 3: yin] = x[2n]. 


Suppose that these systems are connected in series as depicted in Figure P1.42. 
Find the input-output relationship for the overall interconnected system. Is this 
system linear? Is it time invariant? 


Figure P1.42 


1.43. (a) Consider a time-invariant system with input x(t) and output y(t). Show that if 
x(t) is periodic with period T, then so is y(t). Show that the analogous result 
also holds in discrete time. 

(b) Give an example of a time-invariant system and a nonperiodic input signal x(t) 
such that the corresponding output y(t) is periodic. 

1.44. (a) Show that causality for a continuous-time linear system is equivalent to the 
following statement: 


For any time fp and any input x(t) such that x(t) = О for t < to, the correspond- 
ing output y(t) must also be zero for t < to. 


The analogous statement can be made for a discrete-time linear system. 
(b) Find a nonlinear system that satisfies the foregoing condition but is not causal. 
(c) Find a nonlinear system that is causal but does not satisfy the condition. 
(d) Show that invertibility for a discrete-time linear system is equivalent to the 
following statement: 


The only input that produces y[n] = 0 for all n is x[n] = 0 for all n. 


The analogous statement is also true for a continuous-time linear system. 
(e) Find a nonlinear system that satisfies the condition of part (d) but is not invert- 
ible. 


1.45. In Problem 1.37, we introduced the concept of correlation functions. It is often im- 
portant in practice to compute the correlation function @;,(t), where h(t) is a fixed 
given signal, but where x(t) may be any of a wide variety of signals. In this case, 
what is done is to design a system 5 with input x(t) and output ,,(t). 

(a) Is 5 linear? Is 5 time invariant? Is 5 causal? Explain your answers. 
(b) Do any of your answers to part (a) change if we take as the output ¢,,,(f) rather 
than Фһх(ї )? 


1.46. Consider the feedback system of Figure P1.46. Assume that y[n] = 0 for n < 0. 
+ 
а) Ганта m 


Fiqure P1.46 
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(a) Sketch the output when x[n] = ó[n]. 
(b) Sketch the output when x[n] = u[n]. 


1.47. (a) Let S denote an incrementally linear system, and let x; [n] be an arbitrary input 
signal to S with corresponding output y; [n]. Consider the system illustrated in 
Figure P1.47(a). Show that this system is linear and that, in fact, the overall 
input-output relationship between x[n] and y[n] does not depend on the partic- 
ular choice of x; [n]. 
(b) Use the result of part (a) to show that S can be represented in the form shown 
in Figure 1.48. 
(c) Which of the following systems are incrementally linear? Justify your answers, 
and if a system is incrementally linear, identify the linear system L and the zero- 
input response yo[n] or yo(t) for the representation of the system as shown in 


Figure 1.48. 
G) yin] = n+ x[n] + 2x[n + 4] 
n/2, neven 
Gi) yin = 4 (4 – 124 к п ода 
К=—%® 


x [n] y [n] 





(c) 


Figure P1.47 
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T _ | x[n] —^x[n— 1] +3, ifx[0] = 0 
аш) ун = | x[n] xin — 1] - 3, if x[0] <0 
(iv) The system depicted in Figure P1.47(b). 

(v) The system depicted in Figure P1.47(c). 

(d) Suppose that a particular incrementally linear system has a representation as 
in Figure 1.48, with L denoting the linear system and уо[л] the zero-input re- 
sponse. Show that 5 is time invariant if and only if L is a time-invariant system 
and yo[n] is constant. 


MATHEMATICAL REVIEW 


The complex number z can be expressed in several ways. The Cartesian or rectangular 
form for z is 


zx-tjy 


where j = /—1 and x and y are real numbers referred to respectively as the real part and 
the imaginary part of z. As we indicated earlier, we will often use the notation 


x = Re{z}, y = Imf{z}. 
The complex number z can also be represented in polar form as 
2 = ге, 
where r > 0 is the magnitude of z and 0 is ће angle or phase of z. These quantities will 
often be written as 
r = |4,0 = 42. 


The relationship between these two representations of complex numbers can be de- 
termined either from Euler 5 relation, 


e? = cos0 + јѕіп, 


or by plotting z in the complex plane, as shown in Figure P1.48, in which the coordinate 
axes are Gte(z) along the horizontal axis and $7s(z) along the vertical axis. With respect to 
this graphical representation, x and y are the Cartesian coordinates of z, and r and 0 are its 
polar coordinates. 





Figure P1.48 
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Let zo be a complex number with polar coordinates (ro, 09) and Cartesian coordi- 
nates (xo, yo). Determine expressions for the Cartesian coordinates of the following 
complex numbers in terms of хо and уо. Plot the points zo, 21, 22, 23, 24, and zs in 
the complex plane when ro = 2 and 09 = 7/4 and when ro = 2 and 09 = 77/2. 
Indicate on your plots the real and imaginary parts of each point. 
(а) zi = roe 79» (b) z2 = ro (с) 23 = теЙбо+т) 

(d) z4 = ме 0+0 . (е) 25 = те/®%+?®) 

Express each of the following complex numbers in polar forrn, and plot them іп ће 
complex plane, indicating the magnitude and angle of each number: 





„МИ dos (© -5-5j 
(d) 3 4j (e) (1 — jJ 33 (0 (14 jy 
Uim» ъй od 
O ja + per" W (3+ )2/2e/^ — q) 973 


(a) Using Euler's relationship or Figure P1.48, determine expressions for x and y 
in terms of r and Ө. 
(b) Determine expressions for r and 0 in terms of x and y. 
(c) If we are given only r and tan б, can we uniquely determine x and y? Explain 
your answer. 

Using Euler's relation, derive the following relationships: 

(a) cos@ = (e? te) 

(b) sind = е” — e 90) 

(с) cos? @ = та + cos 26) 

(d) (sin 0)(sin ф) => + cos(@ — ф) – 5 + соѕ(0 t) 

(e) sin(0 + $) = шб соф + id sind 
Let z denote a complex variable; that is, 

Z=xt+jy= re”, 
The complex conjugate of z is 
Z=x-jy=re, 

Derive each of the following relations, where z, zı, and z2 are arbitrary complex 
numbers: 

(а) 22" =r 

(b) i = ей? 

(с) H tz = 2Refz} 

(d) 2-2 = 2jSm{z} 

(е) (1 +2)” = zi +2 

(f) (aziz2)' = azjz5, where a is any real number 


(в) (2 = 2 
(h) Reta) = 1 [25а] 


2225 


1.53. Derive the following relations, where z, 21, and z? are arbitrary complex numbers: 


(a) (e)' = e 
(b) ziz; + 2122 = 20{2125) = WMef{zjz} 
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(с) | = [| 

(d) |z1z2| = [21] 

(е) Re{z} = |4, Im{z} = |4 

(£ |2125 + zizl = 2|2122| 

(g) (121-12) = la + za? = dal + 1)? 

1.54. The relations considered in this problem аге used оп many occasions throughout the 

book. 

(a) Prove the validity of the following expression: 


ше i ms N, " а = 1 
Ze =y iu for any complex number a # 1° 


1-а * 





This is often referred to as the finite sum formula. 
(b) Show that if |a| < 1, then 


1 


ar xi 


This is often referred to as the infinite sum formula. 
(c) Show also if |o| < 1, then 





S na” = = 2: 
п=0 a —@) 


(4) Evaluate 


assuming that |a| < 1. 
1.55. Using the results from Problem 1.54, evaluate each of the following sums and ex- 
press your answer in Cartesian (rectangular) form: 
(a) >? 0792 (b) $2. 4,072 
O Eroi — (d) 5, (eim? 
(е) Sp-0c0s(Fn) (f 9.005)" cos(2n) 


1.56. Evaluate each of the following integrals, and express your answer in Cartesian (rect- 


angular) form: 
(a) [eiat (b) [eiat 
(c) елт; (d) {oe "+ Madr 


(е) [y e cos(t)dt (0 fo е 2 sin3ndt 


LINEAR TIME-INVARIANT SYSTEMS 





2.0 INTRODUCTION 


In Section 1.6 we introduced and discussed a number of basic system properties. Two of 
these, linearity and time invariance, play a fundamental role in signal and system analysis 
for two major reasons. First, many physical processes possess these properties and thus 
can be modeled as linear time-invariant (LTI) systems. In addition, LTI systems can be 
analyzed in considerable detail, providing both insight into their properties and a set of 
powerful tools that form the core of signal and system analysis. 

A principal objective of this book is to develop an understanding of these proper- 
ties and tools and to provide an introduction to several of the very important applications 
in which the tools are used. In this chapter, we begin the development by deriving and 
examining a fundamental and extremely useful representation for LTI systems and by in- 
troducing an important class of these systems. 

One of the primary reasons LTI systems are amenable to analysis is that any such 
system possesses the superposition property described in Section 1.6.6. As a consequence, 
if we can represent the input to an LTI system in terms of a linear combination of a set of 
basic signals, we can then use superposition to compute the output of the system in terms 
of its responses to these basic signals. 

As we will see in the following sections, one of the important characteristics of the 
unit impulse, both in discrete time and in continuous time, is that very general signals 
can be represented as linear combinations of delayed impulses. This fact, together with 
the properties of superposition and time invariance, will allow us to develop a complete 
characterization of any LTI system in terms of its response to a unit impulse. Such a 
representation, referred to as the convolution sum in the discrete-tirne case and the convo- 
lution integral in continuous time, provides considerable analytical convenience in dealing 
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with LTI systems. Following our development of the convolution sum and the convolution 
integral we use these characterizations to examine some of the other properties of LTI sys- 
tems. We then consider the class of continuous-time systems described by linear constant- 
coefficient differential equations and its discrete-time counterpart, the class of systems 
described by linear constant-coefficient difference equations. We will return to examine 
these two very important classes of systems on a number of occasions in subsequent chap- 
ters. Finally, we will take another look at the continuous-time unit impulse function and 
a number of other signals that are closely related to it in order to provide some additional 
insight into these idealized signals and, in particular, to their use and interpretation in the 
context of analyzing LTI systems. 


2.1 DISCRETE-TIME LTI SYSTEMS: THE CONVOLUTION SUM 


2.1.1 The Representation of Discrete-Time Signals in Terms 
of Impulses 


The key idea in visualizing how the discrete-time unit impulse can be used to construct 
any discrete-time signal is to think of a discrete-time signal as a sequence of individual im- 
pulses. To see how this intuitive picture can be turned into a mathematical representation, 
consider the signal x[n] depicted in Figure 2.1(a). In the remaining parts of this figure, 
we have depicted five time-shifted, scaled unit impulse sequences, where the scaling on 
each impulse equals the value of x[n] at the particular instant the unit sample occurs. For 


example, 
x{-1]8[n + 1] = | ө же, 
х[0]8[л] = | "n п a : ‚ 


Hiin- i= | "de e : | 


Therefore, the sum of the five sequences in the figure equals x[n] for -2 = n = 2. More 
generally, by including additional shifted, scaled impulses, we can write 


x[n] = ... + x[-3]6[n + 3] + x[-2]6[n + 2] + х[—1]8[п + 1] + х[0]8[л] 


(2.1) 
+ x[1]6[n — 1] + x[2]6[n — 2] + x[3]6[n — 3] +.... 


For any value of n, only one of the terms on the right-hand side of eq. (2.1) is nonzero, and 
the scaling associated with that term is precisely x[n]. Writing this summation in a more 
compact form, we have 


+оо 


хіп] = У x[klé[n — К]. (2.2) 


к= –о 


This corresponds to the representation of an arbitrary sequence as a linear combination of 
shifted unit impulses [п — К], where the weights in this linear combination are x[k]. As 
an example, consider x[n] = u[n], the unit step. In this case, since u[k] = 0 for k < 0 
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x(n] 





(a) 


х[—2] ёп + 2] 





-4-3-2-1 0123 4 п 
(d) 


x[1] 8[n—1] 


-4-3-2-1 0 12 3 4 n 
(е) 


х[2] 8[n—2] 





Figure 2.1 Decomposition of a 
discrete-time signal into a weighted 
sum of shifted impulses. 
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and u[k] = 1 for k = 0, eq. (2.2) becomes 
+00 
ип) = >" іп – К), 
k=0 


which is identical to the expression we derived in Section 1.4. [See eq. (1.67).] 

Equation (2.2) is called the sifting property of the discrete-time unit impulse. Be- 
cause the sequence ó[n — К] is nonzero only when k = n, the summation on the right- 
hand side of eq. (2.2) "sifts" through the sequence of values x[k] and preserves only the 
value corresponding to k — 7. In the next subsection, we will exploit this representa- 
tion of discrete-time signals in order to develop the convolution-sum representation for a 
discrete-time LTI system. 


2.1.2 The Discrete-Time Unit Impulse Response and the Convolution- 
Sum Representation of LTI Systems 


The importance of the sifting property of eqs. (2.1) and (2.2) lies in the fact that it repre- 
sents x[n] as a superposition of scaled versions of a very simple set of elementary functions, 
namely, shifted unit impulses 5[n — k], each of which is nonzero (with value 1) at a single 
point in time specified by the corresponding value of k. The response of a linear system 
to x[n] will be the superposition of the scaled responses of the system to each of these 
shifted impulses. Moreover, the property of time invariance tells us that the responses of a 
time-invariant system to the time-shifted unit impulses are simply time-shifted versions of 
one another. The convolution-sum representation for discrete-time systems that are both 
linear and time invariant results from putting these two basic facts together. 

More specifically, consider the response of a linear (but possibly time-varying) sys- 
tem to an arbitrary input x[n]. We can represent the input through eq. (2.2) as a linear 
combination of shifted unit impulses. Let ^; [n] denote the response of the linear system 
to the shifted unit impulse ó[n — k]. Then, from the superposition property for a linear 
system [eqs. (1.123) and (1.124)], the response у[л] of the linear system to the input х[л] 
in eq. (2.2) is simply the weighted linear combination of these basic responses. That is, 
with the input x[n] to a linear system expressed in the form of eq. (2.2), the output y[n] 
can be expressed as 

+00 


yin] = >, ХАА]. (2.3) 


--—0 


Thus, according to eq. (2.3), if we know the response of a linear system to the set of 
shifted unit impulses, we can construct the response to an arbitrary input. An interpreta- 
tion of eq. (2.3) is illustrated in Figure 2.2. The signal x[n] is applied as the input to a 
linear system whose responses A..; [n], ho[n], and A; [n] to the signals 5[n + 1], [л], and 
6[n — 1], respectively, are depicted in Figure 2.2(b). Since x[n] can be written as a linear 
combination of 5[n + 1], 6[n], and 5[n — 1], superposition allows us to write the response 
to x[n] as a linear combination of the responses to the individual shifted impulses. The 
individual shifted and scaled impulses that constitute x[n] are illustrated on the left-hand 
side of Figure 2.2(c), while the responses to these component signals are pictured on the 
right-hand side. In Figure 2.2(d) we have depicted the actual input x[n], which is the sum 
of the components on the left side of Figure 2.2(c) and the actual output y[n], which, by 
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x[n] 





h_, [n] | ho [n] һ [n] 





Figure 2.2 Graphical interpretation of the response of a discrete-time linear 
system as expressed in eq. (2.3). 


superposition, is the sum of the components on the right side of Figure 2.2(c). Thus, the 
response at time л of a linear system is simply the superposition of the responses due to 
the input value at each point in time. 

In general, of course, the responses h; [n] need not be related to each other for differ- 
ent values of k. However, if the linear system is also time invariant, then these responses 
to time-shifted unit impulses are all time-shifted versions of each other. Specifically, since 
5[n — k] is a time-shifted version of 5[n], the response A, [n] is a time-shifted version of 
ho[n]; i.e., 

hy[n] = ho[n — К]. (2.4) 
For notational convenience, we will drop the subscript on ho[n] and define the unit impulse 
(sample) response 


п] = ho[n]. (2.5) 
That is, h[n] is the output of ће LTI system when 8[n] is the input. Then for an LTI system, 
eq. (2.3) becomes 


+00 


yin] = У, хип — k). (2.6) 


z—0 





This result is referred to as the convolution sum or superposition sum, and the oper- 
ation on the right-hand side of eq. (2.6) is known as the convolution of the sequences x[n] 
and h[n]. We will represent the operation of convolution symbolically as 


y[n] = x[n] * h[n]. (2.7) 
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x[-1] 8[n +1] x[- 1] h_,[n] 





x[0] [n] x[0] hofn] 





x[1] 8{n—1] x[1] h,[n] 





x[n] yin] 





(d) Figure 2.2 Continued 


Note that eq. (2.6) expresses the response of an LTI system to an arbitrary input in 
terms of the system's response to the unit impulse. From this, we see that an LTI system 
is completely characterized by its response to a single signal, namely, its response to the 
unit impulse. 

The interpretation of eq. (2.6) is similar to the one we gave for eq. (2.3), where, in the 
case of an LTI system, the response due to the input x[k] applied at time k is x[k]h[n — К]; 
i.e., it is a shifted and scaled version (an “echo”) of h[n]. As before, the actual output is 
the superposition of all these responses. 
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Example 2.1 


Consider an LTI system with impulse response h[n] and input x[n], as illustrated in 
Figure 2.3(a). For this case, since only x[0] and x[1] are nonzero, eq. (2.6) simplifies to 
the expression 


y[n] = х[0]А[л — 0]  x[1]h[n — 1] = O.5A[n] + 2h[n — 1]. (2.8) 
The sequences 0.5h[n] and 2h[n — 1] are the two echoes of the impulse response needed 
for the superposition involved in generating y[n]. These echoes are displayed in Fig- 


ure 2.3(b). By summing the two echoes for each value of n, we obtain y[n], which is 
shown in Figure 2.3(c). 


h[n] 
ltt... 
o0 1 2 n 
x(n] 
0.5 
0 1 "n 
(a) 
05 O.5h[n] 
0 1 2 "n 
2 2h[n— 1] 
0 1 ? 8 n 
(b) 
2.5 
2 Уу] 
0.5 
o i 2 8 n 


(c) 


Figure 2.3 (а) The impulse response [n] of an LTI system and an input 
x[n] to the system; (b) the responses or “echoes,” 0.5h[n] and 2h[n — 1], to 
the nonzero values of the input, namely, х[0] = 0.5 and x[1] = 2; (c) the 
overall response y[n], which is the sum of the echos in (b). 
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By considering the effect of the superposition sum on each individual output sample, 
we obtain another very useful way to visualize the calculation of y[n] using the convolution 
sum. In particular, consider the evaluation of the output value at some specific time п. A 
particularly convenient way of displaying this calculation graphically begins with the two 
signals x[k] and h[n — k] viewed as functions of k. Multiplying these two functions, we 
obtain a sequence g[k] = x[k]h[n — k], which, at each time k, is seen to represent the 
contribution of x[k] to the output at time n. We conclude that summing all the samples 
in the sequence of g[k] yields the output value at the selected time n. Thus, to calculate 
у[л] for all values of n requires repeating this procedure for each value of n. Fortunately, 
changing the value of n has a very simple graphical interpretation for the two signals x[k] 
and [п — k], viewed as functions of k. The following examples illustrate this and the use 
of the aforementioned viewpoint in evaluating convolution sums. 


Example 2.2 


- Let us consider again the convolution problem encountered in Example 2.1. The se- 
: quence x[k] is shown in Figure 2.4(a), while the sequence h[n — k], for n fixed and 
© viewed as a function of k, is shown in Figure 2.4(b) for several different values of л. In 
ketching these sequences, we have used the fact that h[n — k] (viewed as a function of 
— : k with n fixed) is a time-reversed and shifted version of the impulse response [К]. In 
_ particular, as k increases, the argument n — k decreases, explaining the need to perform а 
- time reversal of h[k]. Knowing this, then in order to sketch the signal h[n — k], we need 
- only determine its value for some particular value of k. For example, the argument n — k 
~ will equal 0 at the value k = n. Thus, if we sketch the signal h[— К], we can obtain the 
© signal h[n — К] simply by shifting to the right (by n) if n is positive or to the left if n is 
1 negative. The result for our example for values of n < 0, n = 0, 1, 2, 3, and n > 3 are 
_ shown in Figure 2.4(b). 

Having sketched x[k] and h[n — К] for any particular value of n, we multiply 
. these two signals and sum over all values of k. For our example, for n < 0, we see from 
- Figure 2.4 that x[k]h[n — К] = О for all k, since the nonzero values of x[k] and h[n — k] 
- do not overlap. Consequently, y[n] = 0 for n < 0. For n = 0, since the product of the 
_ sequence x[k] with the sequence h[0 — К] has only one nonzero sample with the value 
- 0.5, we conclude that 


















y[0] = >, x[K]h[0 — К] = 0.5. (2.9) 


=-0 


_ The product of the sequence x[k] with the sequence h[1 — k] has two nonzero samples, 
- which may be summed to obtain 


УШ = У ХАІ - k] = 0.5 + 2.0 = 2.5. (2.10) 


=—% 


»[2] = 5 x[k]h[2 — k] = 0.5 + 2.0 = 2.5, (2.11) 


К=—= 


Signals and Systems, Second Edition 


n-2 n-1 n 0 k 


1 


Ї | Ї h[3—k] 


0 T7 2 3 k 
п-к], n>3 


(b) 


Figure 2.4 Interpretation of eq. (2.6) for the signals [n] and x[n] in Fig- 
ure 2.3; (a) the signal x[k] and (b) the signal h[n — К] (as a function of К 
with п fixed) for several values of n (n < 0; n = 0, 1, 2, 3; n > 3). Each 

of these signals is obtained by reflection and shifting of the unit impulse re- 
sponse [К]. The response y[n] for each value of n is obtained by multiplying 
the signals x[k] and h[n — k] in (a) and (b) and then summing the products 
over all values of k. The calculation for this example is carried out in detail in 
Example 2.2. 


© 


13] = Ў. x[k]h[3 — А = 2.0. (2.12) 





inally, for n > 3, the product x[k]h[n — К] is zero for all К, from which we conclude 
that y[n] = 0 for n > 3. The resulting output values agree with those obtained in Exam- 
le 2.1. 
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Example 2.3 

Я Consider an input x[n] and a unit impulse response h[n] given by 
x[n] = a"u[n], 

hin] = u[n], 


міо < a < 1. These signals are illustrated in Figure 2.5. Also, to help us in visualizing 

___ and calculating the convolution of the signals, in Figure 2.6 we have depicted the signal 

- x[k] followed by h[— А], h[-1— k], and h[1— k] (that is, h[n — k] for n = 0, —1, and +1) 

and, finally, h[n — k] for an arbitrary positive value of n and an arbitrary negative value 

f n. From this figure, we note that for n < 0, there is no overlap between the nonzero 

~ points in x[k] and h[n — k]. Thus, for n < 0, x[k]h[n — К] = 0 for all values of k, and 
_ hence, from eq. (2.6), we see that y[n] = 0, n < 0. For n = 0, 


k 
хип — k] = | di eu 













x[n] = a"u[n] 


h[n] = un] 





(b) 





Figure 2.5 The signals x[n] and ^[n] in Example 2.3. 
—— Thus, for n = 0, 
yin] = Уа“, 
k=0 


. and using the result of Problem 1.54 we can write this as 


1 – а"! 


y[n] = Sat = rs forn > 0. (2.13) 
к=0 


— рлі 
yin] = (= in 


_ The signal у[л] is sketched in Figure 2.7. 











Thus, for all n, 
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ХК] = aulk] 





Figure 2.6 Graphical interpretation of the calculation of the convolution 
sum for Example 2.3. 
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ин = (E27) um 





0 п 


Figure 2.7 Output for Example 2.3. 


The operation of convolution is sometimes described in terms of "sliding" the se- 
quence h[n — К] past x[k]. For example, suppose we have evaluated y[n] for some partic- 
ular value of n, say, n = no. That 15, we have sketched the signal h[no — k], multiplied it 
by the signal x[k], and summed the result over all values of k. To evaluate y[n] at the next 
value of n—i.e., n = по + 1—we need to sketch the signal А[(по + 1) — k]. However, we 
can do this simply by taking the signal h[no — k] and shifting it to the right by one point. 
For each successive value of n, we continue this process of shifting h[n — k] to the right 
by one point, multiplying by x[k], and summing the result over k. 


Example 2.4 


As a further example, consider the two sequences 


abd = 1, 0<л<4 
0, otherwise 


and 


|а", 0=лп=6 
Аи] = a otherwise 


These signals are depicted in Figure 2.8 for a positive value of a > 1. In order to calculate 
the convolution of the two signals, it is convenient to consider five separate intervals for 
n. This is illustrated in Figure 2.9. 


Interval 1. For n < 0, there is no overlap between the nonzero portions of x[k] and 
h[n — К], and consequently, y[n] = 0. 


Interval2. For0 < n = 4, 


n-k 
x[k]h[n — k] = [а , iw — 
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x[n] 








01234567 n 
(b) 


Figure 2.8 The signals to be convolved in Example 2.4. 
Thus, in this interval, 


yin] = Sat (2.14) 
k=0 


We can evaluate this sum using the finite sum formula, eq. (2.13). Specifically, changing 


the variable of summation in eq. (2.14) from k to r = n — k, we obtain 


n : eo ntl 
y[n] = 2d = mu p 
г=0 


l-a ` 
Interval 3. Forn > 4butn-—6 = 0(ie,4 <n = 6), 
mk QO=<k <4 
khn-k)-219 , А 
ums р otherwise 
Thus, in this interval, 


4 
yin] = Уат“, (2.15) 
k=0 


Once again, we can use the geometric sum formula in eq. (2.13) to evaluate eq. (2.15). 
Specifically, factoring out the constant factor of œ” from the summation in eq. (2.15) 


. yields 


4 - -1)5 n-4 _ antl 
y[n] = a" > (ac = arl 0C) EL a (2.16) 


re 1-а-! 1-а 
Interval 4. Forn > 6butn—6 = 4(ie,for6 <n = 10), 


x[k]hin — k] = И (n-6sks4 


0, otherwise 
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b-8-9-6———— 
0 4 k 
(a) 
h[n—k] 
п<0 
8-$-6-9— —— 
n 0 k 
n-6 
(b) 
h[(n—k] 
Üzxnx4 
8-6-9-9— —— 
0 n k 





h[n—k] 
6«n«x10 
5-$-6-9— —— 
0 n k 
n-6 
(e) 
h[n—k] 
n>10 
р-6-е-е——— 
0 nie n k 
(f) 


Figure 2.9 Graphical interpretation of the convolution performed in 
Example 2.4. 
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so that 


4 
yin} = У а". 


k=n-6 


We can again use eq. (2.13) to evaluate this summation. Letting r = k—n+6, we obtain 
10-n 


Pe ae ee 
yin] = Ў аё" = a5 S a7ty agi a бада, 


at € 
— €: 1-а 1-а 


Interval 5. For n — 6 > 4, or equivalently, п > 10, there is no overlap between ће 
nonzero portions of x[k] and h[n — К], and hence, 


у[п] = 
Summarizing, then, we obtain 
0, п<0 
i n+l 
А Osns4 
l-a 
a 4 – а"+! 
= < : 
yin] 3» 4<ns6 
Г 7. a7 
“ту; 6<п=10 
0, 10 < п 
which is pictured in Figure 2.10. 
yin] 
ee 
0 4 6 10 п 


Figure 2.10 Result of performing the convolution in Example 2.4. 


Example 2.5 


Consider an LTI system with input x[n] and unit impulse response h[n] specified as 
follows: 

x[n] = 2"u[-n], (2.17) 

h[n] = u[n]. (2.18) 
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x(k] = 2*u[—k] 


Ni 









=2 cL 0 k 





Figure 2.11 (а) The sequences x[k] and A[n—k] for the convolution prob- 
lem considered in Example 2.5; (b) the resulting output signal y[n]. 


The sequences x[k] and h[n — k] are plotted as functions of k in Figure 2.11(a). Note that 
x[k] is zero for k > 0 and A[n — k] is zero for k > n. We also observe that, regardless of 
the value of n, the sequence x[k]h[n — k] always has nonzero samples along the k-axis. 
When n = 0, x[k]h[n — К] has nonzero samples in the interval k = 0. It follows that, 
forn = 0, 


0 0 
yin] = >, ХАН - d = У 2^. (2.19) 
To evaluate the infinite sum in eq. (2.19), we may use the infinite sum formula, 


Уа = T А 0 < [| « 1. (2.20) 
ye 1-а 


Changing the variable of summation in eq. (2.19) from k to r = —k, we obtain 


0 oo 1 r 1 
k= = = ——— = 
> 2 = >) i-am = 2 (2.21) 


k=-% r=0 


Thus, y[n] takes on a constant value of 2 for n = 0. 
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When n < 0, x[k]h[n — k] has nonzero samples for k = л. It follows that, for 
n=O; 


y[n] = ky x[k]h[n — k] = x 2 (2.22) 


k--o к= ә 


By performing a change of variable | = —К and then т = / + п, we can again make 
use of the infinite sum formula, eq. (2.20), to evaluate the sum in eq. (2.22). The result 
is the following for n « 0: 


у[п] = T (5) = >(3) = G 2:6) =2# +2 S (2.23) 


l=-n m=0 m=0 


The complete sequence of y[n] is sketched in Figure 2.11(b). 


These examples illustrate the usefulness of visualizing the calculation of the con- 
volution sum graphically. Moreover, in addition to providing a useful way in which to 
calculate the response of an LTI system, the convolution sum also provides an extremely 
useful representation for LTI systems that allows us to examine their properties in great 
detail. In particular, in Section 2.3 we will describe some of the properties of convolution 
and will also examine some of the system properties introduced in the previous chapter in 
order to see how these properties can be characterized for LTI systems. 


2.2 CONTINUOUS-TIME LTI SYSTEMS: THE CONVOLUTION INTEGRAL 


In analogy with the results derived and discussed in the preceding section, the goal of this 
section is to obtain a complete characterization of a continuous-time LTI system in terms 
of its unit impulse response. In discrete time, the key to our developing the convolution 
sum was the sifting property of the discrete-time unit impulse—that is, the mathematical 
representation of a signal as the superposition of scaled and shifted unit impulse functions. 
Intuitively, then, we can think of the discrete-time system as responding to a sequence of 
individual impulses. In continuous time, of course, we do not have a discrete sequence of 
input values. Nevertheless, as we discussed in Section 1.4.2, if we think of the unit im- 
pulse as the idealization of a pulse which is so short that its duration is inconsequential for 
any real, physical system, we can develop a representation for arbitrary continuous-time 
signals in terms of these idealized pulses with vanishingly small duration, or equivalently, 
impulses. This representation is developed in the next subsection, and, following that, we 
will proceed very much as in Section 2.1 to develop the convolution integral representation 
for continuous-time LTI systems. 


2.2.1 The Representation of Continuous-Time Signals in Terms 
of impulses 


To develop the continuous-time counterpart of the discrete-time sifting property in 
eq. (2.2), we begin by considering a pulse or “staircase” approximation, £(f), to a 
continuous-time signal x(t), as illustrated in Figure 2.12(a). In a manner similar to that 
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x(t) 





x(—2A)8,(t + 2A)A 


x(—2A) 
-2А -å t 
(b) 
x(—A)S,(t + A)A 
х(—А 
-A0 t 
(с) 
x(0)8,(t)A 
x(0) 
OA t 
(d) 
х(4)5 4 —A)A 
х(А) 
А 24 ї 


(е) 


Figure 2.12 Staircase approxima- 
tion to a continuous-time signal. 
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employed in the discrete-time case, this approximation can be expressed as a linear com- 
bination of delayed pulses, as illustrated in Figure 2.12(а)-(е). If we define 


l 
Ain TEIA (2.24) 
0, otherwise 


then, since AóA(r) has unit amplitude, we have the expression 


© 


&(t) = D, x(kA)ôalt — KAYA. (2.25) 


к= –о 


From Figure 2.12, we see that, as in the discrete-time case [ед. (2.2)], for any value of г, 
only one term in the summation on the right-hand side of eq. (2.25) is nonzero. 

As we let A approach 0, the approximation £(t) becomes better and better, and in the 
limit equals x(t). Therefore, 


+a 
x(t) = lim у, x(kA)5a(t — kA)A. (2.26) 
К=—® 


Also, as A — 0, the summation in eq. (2.26) approaches an integral. This can be seen by 
considering the graphical interpretation of the equation, illustrated in Figure 2.13. Here, 
we have illustrated the signals х(т), 54(t — т), and their product. We have also indicated 
a shaded region whose area approaches the area under x(r)5,(t — т) as A — 0. Note that 
the shaded region has an area equal to x(mA) where t — A < mA < t. Furthermore, for 
this value of г, only the term with k = m is nonzero in the summation in eq. (2.26), and 
thus, the right-hand side of this equation also equals x(mA). Consequently, it follows from 
eq. (2.26) and from the preceding argument that x(t) equals the limit as A — 0 of the area 
under x(r)5,(t — т). Moreover, from eq. (1.74), we know that the limit as A — 0 of ôa (t) 
is the unit impulse function 5(t). Consequently, 


+00 
x(t) = | х(т)8(: — т)ат. (2.27) 
As іп discrete time, we refer to eq. (2.27) as the sifting property of the continuous-time 
impulse. We note that, for the specific example of x(t) = u(t), eq. (2.27) becomes 


u(t) = | и(т)8(1 — T)dT = [oc — т)а7, (2.28) 
-0 0 


since u(r) = Оїогт < Oand u(r) = 1 for 7 > 0. Equation (2.28) is identical to eq. (1.75), 
derived in Section 1.4.2. 

Once again, eq. (2.27) should be viewed as an idealization in the sense that, for 
A “small enough,” the approximation of x(t) in eq. (2.25) is essentially exact for any 
practical purpose. Equation (2.27) then simply represents an idealization of eq. (2.25) by 
taking A to be vanishingly small. Note also that we could have derived eq. (2.27) directly 
by using several of the basic properties of the unit impulse that we derived in Section 1.4.2. 
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x(t) 


a 


(a) 
da(t— т) 


D= 


бе Д t T 





Figure 2.13 Graphical interpreta- 
(c) tion of eq. (2.26). 


Specifically, as illustrated in Figure 2.14(b), the signal 5(t — т) (viewed as a function of 
T with ¢ fixed) is a unit impulse located at т = t. Thus, as shown in Figure 2.14(c), the 
signal x(7)Ó(t — т) (once again viewed as a function of т) equals x(t)5(t — т) [i.e., it is a 
scaled impulse at т = г with an area equal to the value of x(r)]. Consequently, the integral 
of this signal from т = —œ to т = - equals x(t); that is, 

+® += 


x(t)ó(t — T)dT = | 8(1— т)4т = x(t). 


—@® — 00 —% 


+00 

| x(r)Ó(t — r)dt = | 
Although this derivation follows directly from Section 1.4.2, we have included the deriva- 
tion given in eqs. (2.24)- (2.27) to stress the similarities with the discrete-time case and, 
in particular, to emphasize the interpretation of eq. (2.27) as representing the signal x(r) 
as a "sum" (more precisely, an integral) of weighted, shifted impulses. 
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х(т) 


4 


t т 
(b) 
x(t) 5(t—7) = x(t)5(t—7) x(t) 
Figure 2.14 (а) Arbitrary signal 
X(T); (b) impulse 8(t— т) as a function 
t + Of with t fixed; (c) product of these 
(c) two signals. 


2.2.2 The Continuous-Time Unit Impulse Response and the 
Convolution Integral Representation of LTI Systems 


As in ће discrete-time case, the representation developed in the preceding section provides 
us with a way in which to view an arbitrary continuous-time signal as the superposition of 
scaled and shifted pulses. In particular, the approximate representation in eq. (2.25) repre- 
sents the signal £(/) as a sum of scaled and shifted versions of the basic pulse signal 1 (7). 
Consequently, the response j(t) of a linear system to this signal will be the superposition 
of the responses to the scaled and shifted versions of дд (t). Specifically, let us define hiat) 
as the response of an LTI system to the input 5,(t — kA). Then, from eq. (2.25) and the 
superposition property, for continuous-time linear systems, we see that 


+® 


IO = $x(kAM)ha(n0A. (2.29) 


=— 


The interpretation of eq. (2.29) is similar to that for eq. (2.3) in discrete time. In 
particular, consider Figure 2.15, which is the continuous-time counterpart of Figure 2.2. In 
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OA t 

x(A) 

A t 

X(kA) 

kA t 

R(t) 

0 t 

x(t) 

0 t 


(a) 


x(O)fig(t)A 


t 
(b) 
A 
x(A)h,(t)A 
t 
(©) 
A 
х(кА)ћ, (A 
t 
(d) 
yt 
0 t 
(е) 
yt 
0 t 
(f 
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Figure 2.15 Graphical interpreta- 
tion of the response of a continuous- 
time linear system as expressed in 
eqs. (2.29) and (2.30). 
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Figure 2.15(a) we have depicted the input x(t) and its approximation £(f), while in Figure 
2.15(b)-(d), we have shown the responses of the system to three of the weighted pulses in 
the expression for £(t). Then the output (7) corresponding to (1) is the superposition of 
all of these responses, as indicated in Figure 2.15(e). 

What remains, then, is to consider what happens as А becomes vanishingly small— 
i.e., as A — 0. In particular, with x(t) as expressed in eq. (2.26), Х(ї) becomes an increas- 
ingly good approximation to x(t), and in fact, the two coincide as À — 0. Consequently, 
the response to X(r), namely, $(t) in eq. (2.29), must converge to y(t), the response to 
the actual input х(ї), as illustrated in Figure 2.15(f). Furthermore, as we have said, for A 
“small enough," the duration of the pulse ôa (t — kA) is of no significance, in that, as far as 
the system is concerned, the response to this pulse is essentially the same as the response 
to a unit impulse at the same point in time. That is, since the pulse 6,(t — kA) corresponds 
to a shifted unit impulse as A — 0, the response Йкд(ї) to this input pulse becomes the 
response to an impulse in the limit. Therefore, if we let A; (t) denote the response at time t 
to a unit impulse ó(t — т) located at time т, then 


+20 


y(t) = lim 2 х(КЛ)ћ QA. (2.30) 


=% 


As A — 0, the summation on the right-hand side becomes an integral, as can be seen 
graphically in Figure 2.16. Specifically, in Figure 2.16 the shaded rectangle represents one 
term in the summation on the right-hand side of eq. (2.30) and as A — 0 the summation 
approaches the area under x(7)A; (t) viewed as a function of т. Therefore, 


з= | оь дат. (2.31) 


-x 


The interpretation of eq. (2.31) is analogous to the one for eq. (2.29). As we showed 
in Section 2.2.1, any input x(t) can be represented as 


+2 
x(t) = | x(T)Ó(t — т)ат. 


—00 


x(7)h,(t) 






Shaded area = x(kA)h,,(t)A 


Figure 2.16 Graphical illustration 
кА (к+1)А of eqs. (2.30) and (2.31). 
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That 15, we can intuitively think of x(t) as a “sum” of weighted shifted impulses, where 
the weight on the impulse 6(t — т) is x(7)d7. With this interpretation, eq. (2.31) represents 
the superposition of the responses to each of these inputs, and by linearity, the weight 
on the response /1, (t) to the shifted impulse ó(t — т) is also х(т)ат. 

Equation (2.31) represents the general form of the response of a linear system in 
continuous time. If, in addition to being linear, the system is also time invariant, then 
h,(t) = ho(t — т); i.e., the response of an LTI system to the unit impulse 6(t — т), which 
is shifted by 7 seconds from the origin, is a similarly shifted version of the response to the 
unit impulse function ó(r). Again, for notational convenience, we will drop the subscript 
and define the unit impulse response h(t) as 


h(t) = holt); (2.32) 


i.e., h(t) is the response to 6(t). In this case, eq. (2.31) becomes 


y(t) = | х(т)А(ї — т)ат. (2.33) 


—® 





Equation (2.33), referred to as the convolution integral or the superposition integral, 
is the continuous-time counterpart of the convolution sum of eq. (2.6) and corresponds 
to the representation of a continuous-time LTI system in terms of its response to a unit 
impulse. The convolution of two signals x(t) and A(t) will be represented symbolically as 


y(t) = x(t) * h(t). (2.34) 


While we have chosen to use the same symbol * to denote both discrete-time and 
continuous-time convolution, the context will generally be sufficient to distinguish the 
two cases. 

As in discrete time, we see that a continuous-time LTI system is completely char- 
acterized by its impulse response—i.e., by its response to a single elementary signal, the 
unit impulse б(ї). In the next section, we explore the implications of this as we examine 
a number of the properties of convolution and of LTI systems in both continuous time and 
discrete time. 

The procedure for evaluating the convolution integral is quite similar to that for its 
discrete-time counterpart, the convolution sum. Specifically, in eq. (2.33) we see that, for 
any value of t, the output y(t) is a weighted integral of the input, where the weight on 
x(7) is h(t — 7). To evaluate this integral for a specific value of t, we first obtain the signal 
h(t — т) (regarded as a function of 7 with г fixed) from h(7) by a reflection about the origin 
and a shift to the right by t if t > 0 or a shift to the left by |t| for t < 0. We next multiply 
together the signals x(7) and A(t — т), and y(t) is obtained by integrating the resulting 
product from т = —% to т = +оо. To illustrate the evaluation of the convolution integral, 
let us consider several examples. 
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Example 2.6 
Let x(t) be the input to an LTI system with unit impulse response h(t), where 





x(t) =e u(t), а>0 


A(t) = u(t). 


_ In Figure 2.17, we have depicted the functions h(r), х(т), and h(t — т) for a negative 
_ value of t and for a positive value of t. From this figure, we see that for t < 0, the product 
| of x(r) and h(t — т) is zero, and consequently, y(t) is zero. For t > 0, 


_ le O<7r<t 
җиме) | 0, otherwise ` 
h(t) 
1 
0 т 
х(т) 
1 
0 т 
h(t-7) 
1 
t<0 
t 0 т 
h(t—7) 
t>0 
0 t т 


Figure 2.17 Calculation of the convolution integral for Example 2.6. 
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From this expression, we can compute y(t) for t > 0: 


t 
y(t) = | e “dr = —-е 1 
0 


Thus, for all t, y(t) is 
1 Е; 
y(t) = (1 — е ulo), 
_ which is shown in Figure 2.18. 


yt = 1(1— eut 





0 


Figure 2.18 Response of the system in Example 2.6 with impulse re- 


sponse A(t) = u(t) to the input x(t) = e-*'u(t). 


Example 2.7 
Consider the convolution of the following two signals: 
-1l ОЕТ 
ха = tg otherwise ' 
b O«r«c2T 


0, otherwise 


h(t) = | 


99 


As in Example 2.4 for discrete-time convolution, it is convenient to consider the evalu- 
ation of y(t) in separate intervals. In Figure 2.19, we have sketched х(т) and have illus- 
trated h(t— т) in each of the intervals of interest. For t < 0 and fort > ЗТ, x(r)h(t—T) = 
0 for all values of т, and consequently, y(t) = 0. For the other intervals, the product 
x(r)h(t — т) is as indicated in Figure 2.20. Thus, for these three intervals, the integration 


can be carried out graphically, with the result that 


0, t«0 
52, 0<t<T 
y(t) = 4 Tt- iT), ТЕЙТ 


0, 3T <t 


which is depicted in Figure 2.21. 


bP +Tt+3T?, 2T<t<3T 
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x(t) 


t«0 


B 02 t= T 


paeem 


27 « £< 3T 





ї > aT 
0 / t T 
t = 2 


Figure 2.19 Signals x(7) and h(t — т) for different values of t for 
Example 2.7. 
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x(z)h(t—7) 


0<t<T 


(a) 


t T<t<27T 


x(t) h(t—7) 


2T 
t-T 2T «t « 3T 


Figure 2.20 Product x(7)h(t — 7) for Example 2.7 for the three ranges of 
values of t for which this product is not identically zero. (See Figure 2.19.) 


y(t) 


0 T 2T 3T t 


Figure 2.21 Signal y(t) = x(t) * A(t) for Example 2.7. 


Example 2.8 
Let y(t) denote the convolution of the following two signals: 
x(t) = e*u(—2), (2.35) 
A(t) = u(t — 3). (2.36) 


v The signals х(т) and h(t — т) are plotted as functions of 7 in Figure 2.22(a). We first 
— observe that these two signals have regions of nonzero overlap, regardless of the value 
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x(t) = e*"u(—1) 


1 


0 т 
h(t—7) 
1 
t-3 0 T 
(a) 
y(t) 
3 
2 
0 3 t 
(b) 


Figure 2.22 The convolution problem considered in Example 2.8. 


of t. When t — 3 < 0, the product of x(7) and A(t — т) is nonzero for ^ < 7 < t — 3, 
and the convolution integral becomes 


1-3 
y(t) = | edt = sot. (2.37) 
Fort—3 = 0, the product x(7)h(t — т) is nonzero for —œ < т < 0, so that the convolution 
integral is 


0 
y(t) = | edt = (2.38) 


1 

y 
The resulting signal y(t) is plotted in Figure 2.22(b). 

As these examples and those presented in Section 2.1 illustrate, the graphical in- 


terpretation of continuous-time and discrete-time convolution is of considerable value in 
visualizing the evaluation of convolution integrals and sums. 
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2.3 PROPERTIES OF LINEAR TIME-INVARIANT SYSTEMS 


In the preceding two sections, we developed the extremely important representations 
of continuous-time and discrete-time LTI systems in terms of their unit impulse re- 
sponses. In discrete time the representation takes the form of the convolution sum, while 
its continuous-time counterpart is the convolution integral, both of which we repeat here 
for convenience: 


+o 


yin] = -. x[k]h[n — К] = xin] * h[n] (2.39) 


К=—® 


y(t) = | x(r)h(t — 7)dT = x(t) * h(t) (2.40) 


—o 





As we have pointed out, one consequence of these representations is that the charac- 
teristics of an LTI system are completely determined by its impulse response. It is impor- 
tant to emphasize that this property holds in general only for LTI systems. In particular, as 
illustrated in the following example, the unit impulse response of a nonlinear system does 
not completely characterize the behavior of the system. 


Example 2.9 
Consider a discrete-time system with unit impulse response 


JL n=0,1 
Mn] = Р otherwise ` (2.41) 
If the system is LTI, then eq. (2.41) completely determines its input-output behavior. In 
particular, by substituting eq. (2.41) into the convolution sum, eq. (2.39), we find the 
following explicit equation describing how the input and output of this LTI system are 
related: 


yin] = x[n] + x[n — 1]. (2.42) 


On the other hand, there are many nonlinear systems with the same response—i.e., that 
given in eq. (2.41)—to the input 5[n]. For example, both of the following systems have 
this property: 


yin] = Gn] + x[n — 1), 
y[n] = max(x[n], x[n — 1]). 


Consequently, if the system is nonlinear it is not completely characterized by the impulse 
response in eq. (2.41). 


The preceding example illustrates the fact that LTI systems have a number of prop- 
erties not possessed by other ' systems, beginning with the very special representations that 
they have in terms of convolution sums and integrals. In the remainder of this section, we 
explore some of the most basic and important of these properties. 
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2.3.1 The Commutative Property 


A basic property of convolution in both continuous and discrete time is that it is a commu- 
tative operation. That is, in discrete time 


x[n] * h[n] = h[n]* x[n] = >, h[k]x[n — k], (2.43) 


=—о 


and in continuous time 


+00 


x(t) * h(t) = h(t) * x(t) = | h(r)x(t — т)ат. (2.44) 


These expressions can be verified in a straightforward manner by means of a substitution 
of variables in eqs. (2.39) and (2.40). For example, in the discrete-time case, if we let 
r — n — kor, equivalently, k — n — r, eq. (2.39) becomes 


+o "+o 


siii = > xikjhin- k] = >, xin- пи] = Мл] ж x[n]. (2.45) 


=—® г=—® 


With this substitution of variables, the roles of x[n] апа h[n] are interchanged. According 
to eq. (2.45), the output of an LTI system with input x[n] and unit impulse response h[n] 
is identical to the output of an LTI system with input h[n] and unit impulse response x[n]. 
For example, we could have calculated the convolution in Example 2.4 by first reflecting 
and shifting x[k], then multiplying the signals x[n — k] and h[K], and finally summing the 
products for all values of k. 

Similarly, eq. (2.44) can be verified by a change of variables, and the implications of 
this result in continuous time are the same: The output of an LTI system with input x(f) and 
unit impulse response h(t) is identical to the output of an LTI system with input A(t) and 
unit impulse response x(t). Thus, we could have calculated the convolution in Example 2.7 
by reflecting and shifting x(t), multiplying the signals x(t — т) and А(т), and integrating 
over —o < т < +o, In specific cases, one of the two forms for computing convolutions 
[i.e., eq. (2.39) or (2.43) in discrete time and eq. (2.40) or (2.44) in continuous time] may 
be easier to visualize, but both forms always result in the same answer. 


2.3.2 The Distributive Property 


Another basic property of convolution is the distributive property. Specifically, convolution 
distributes over addition, so that in discrete time 


x[n] * (i [n] + һ›[п]) = x[n] * hy[n] + x[n] * [а], (2.46) 
and in continuous time 
x(t) * [hi (t) + ha(t)] = x(t) * hi) + x(t) * 0). (2.47) 
This property can be verified in a straightforward manner. 
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t 






x(t) 


x(t) —| h4(t) + ha(t) y(t) Figure 2.23 Interpretation of the 
distributive property of convolution 
for a parallel interconnection of LTI 

(b) systems. 


The distributive property has a useful interpretation in terms of system interconnec- 
tions. Consider two continuous-time LTI systems in parallel, as indicated in Figure 2.23(a). 
The systems shown in the block diagram are LTI systems with the indicated unit impulse 
responses. This pictorial representation is a particularly convenient way in which to denote 
LTI systems in block diagrams, and it also reemphasizes the fact that the impulse response 
of an LTI system completely characterizes its behavior. 

The two systems, with impulse responses / (г) and h2(t), have identical inputs, and 
their outputs are added. Since 


yit) = x(t) * (1) 
and 
y2(t) = x(t) * hx(t), 
the system of Figure 2.23(a) has output 
y(t) = x(t) ж hy(t) + x(t) * ho(t), (2.48) 


corresponding to the right-hand side of eq. (2.47). The system of Figure 2.23(b) has output 


y(t) = x(t) * [hi (t) + А›(ї)], (2.49) 


corresponding to the left-hand side of eq. (2.47). Applying eq. (2.47) to eq. (2.49) and 
comparing the result with eq. (2.48), we see that the systems in Figures 2.23(a) and (b) 
are identical. 

There is an identical interpretation in discrete time, in which each of the signals 
in Figure 2.23 is replaced by a discrete-time counterpart (i.e., x(t), hi(t), ho(t), yi(t), 
ya(t), and y(t) are replaced by x[n], А [л], ho[n], yiln], ур[п], and y[n], respectively). In 
summary, then, by virtue of the distributive property of convolution, а pprallel combina- 
tion of LTI systems can be replaced by a single LTI system whose unit impulse response 
is the sum of the individual unit impulse responses in the parallel combination. 
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Also, as a consequence of both the commutative and distributive properties, we have 
Dn] + о[и] * A[n] = xi[n] * h[n] + x2[n] * h[n] (2.50) 
and 
[х1@) + X2(t)] + AG) = xilt) * AC) + xxt) * h(t), (2.51) 
which simply state that the response of an LTI system to the sum of two inputs must equal 
the sum of the responses to these signals individually. 


As illustrated in the next example, the distributive property of convolution can also 
be exploited to break a complicated convolution into several simpler ones. 


Example 2.10 


Let y[n] denote the convolution of the following two sequences: 


x[n] = G) u[n] + 2"u[—n], (2.52) 

h[n] = u[n]. (2.53) 

Note that the sequence x[n] is nonzero along the entire time axis. Direct evaluation of 

such a convolution is somewhat tedious. Instead, we may use the distributive property to 

express y[n] as the sum of the results of two simpler convolution problems. In particular, 
if we let xy[n] = (1/2) u[n] and x2[n] = 2"u[—n], it follows that 


yin] = Ga[n] + [л] * h[n]. (2.54) 
Using the distributive property of convolution, we may rewrite eq. (2.54) as 
yin] = yin] + у [л], (2.55) 
where 
yiln] = xin] * A[n] (2.56) 
and 
yin] = x[n] * [п]. (2.57) 


The convolution in eq. (2.56) for y;[n] can be obtained frorn Example 2.3 (with a = 
1/2), while :y2[m] was evaluated in Example 2.5. Their sum is y[n], which is shown in 
Figure 2.24. 


yin] 





-3-21 01234567 n 


Figure 2.24 Тһе signal y[n] = x[n] * h[n] for Example 2.10. 
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2.3.3 The Associative Property 


Another important and useful property of convolution is that it is associative. That is, in 
discrete time 


x[n] * (hy [n] ж (ир) = (х[п] * А [пр * Ao[n], (2.58) 
and in continuous time 
x(t) * [hi (t) ж һә(т)] = [x(t) * hi0] * hao). (2.59) 


This property is proven by straightforward manipulations of the summations and integrals 
involved. Examples verifying it are given in Problem 2.43. 
As a consequence of the associative property, the expressions 
у[п] = x[n] * Ai[n] * A» [n] (2.60) 
and 
y(t) = x(t) * hy(t) ж hat) (2.61) 


are unambiguous. That is, according to eqs. (2.58) and (2.59), it does not matter in which 
order we convolve these signals. 

An interpretation of the associative property is illustrated for discrete-time systems 
in Figures 2.25(a) and (b). In Figure 2.25(a), 


yin] = w[n] * ho[n] 
(x[n] * hi [n]) * hafn]. 


In Figure 2.25(b), 
yin] = x[n] * [п] 


x[n] * (hy [n] * Ag[n)). 


According to the associative property, the series interconnection of the two systems in 
Figure 2.25(a) is equivalent to the single system in Figure 2.25(b). This can be generalized 
to an arbitrary number of LTI systems in cascade, and the analogous interpretation and 
conclusion also hold in continuous time. 

By using the commutative property together with the associative property, we find 
another very important property of LTI systems. Specifically, from Figures 2.25(a) and 
(b), we can conclude that the impulse response of the cascade of two LTI systems is the 
convolution of their individual impulse responses. Since convolution is commutative, we 
can compute this convolution of л [n] and h2[n] in either order. Thus, Figures 2.25(b) and 
(c) are equivalent, and from the associative property, these are in turn equivalent to the 
system of Figure 2.25(d), which we note is a cascade combination of two systems as in 
Figure 2.25(a), but with the order of the cascade reversed. Consequently, the unit impulse 
response of a cascade of two LTI systems does not depend on the order in which they are 
cascaded. In fact, this holds for an arbitrary number of LTI systems in cascade: The order 
in which they are cascaded does not matter as far as the overall system impulse response 
is concerned. The same conclusions hold in continuous time as well. 
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win] 
«1 


(а) 

x(n] h[n] = h,[n] + hafn] yin] 
(b) 

x(n] h[n] = hafn] +h; [n] yin] 
(c) 


x[n] ——>- h,[n] уіп] Figure 2.25 Associative property of 
convolution and the implication of this 
and the commutative property for the 


(d) series interconnection of LTI systems. 


It is important to emphasize that the behavior of LTI systems in cascade—and, in 
particular, the fact that the overall system response does not depend upon the order of the 
systems in the cascade—is very special to such systems. In contrast, the order in which 
nonlinear systems are cascaded cannot be changed, in general, without changing the over- 
all response. For instance, if we have two memoryless systems, one being multiplication 
by 2 and the other squaring the input, then if we multiply first and square second, we obtain 


y[n] = 4x^[n]. 
However, if we multiply by 2 after squaring, we have 
yin] = 2x?[n]. 


Thus, being able to interchange the order of systems in a cascade is a characteristic par- 
ticular to LTI systems. In fact, as shown in Problem 2.51, we need both linearity and time 
invariance in order for this property to be true in general. 


2.3.4 LTI Systems with and without Memory 


As specified in Section 1.6.1, a system is memoryless if its output at any time depends 
only on the value of the input at that same time. From eq. (2.39), we see that the only 
way that this can be true for a discrete-time LTI system is if h[m] = 0 for n = 0. In this case 
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the impulse response has the form 

h[n] = Kó[n], (2.62) 
where K = А[0] is a constant, and the convolution sum reduces to the relation 

y[n] = Kx[n]. (2.63) 


If a discrete-time LTI system has an impulse response h[n] that is not identically zero for 
п = 0, then the system has memory. An example of an LTI system with memory is the 
system given by eq. (2.42). The impulse response for this system, given in eq. (2.41), is 
nonzero for n — 1. 

From eq. (2.40), we can deduce similar properties for continuous-time LTI systems 
with and without memory. In particular, a continuous-time LTI system is memoryless if 
h(t) = О for t # 0, and such a memoryless LTI system has the form 


y(t) = Kx(t) (2.64) 
for some constant K and has the impulse response 
h(t) = Kó(t). (2.65) 


Note that if K = 1 in eqs. (2.62) and (2.65), then these systems become identity 
systems, with output equal to the input and with unit impulse response equal to the unit 
impulse. In this case, the convolution sum and integral formulas imply that 


x[n] = x[n] * [л] 
and | 
x(t) = x(t) * &(t), 
which reduce to the sifting properties of the discrete-time and continuous-time unit im- 


pulses: 


+% 


x[n] = У x[k]ô[n — k] 


= —00 


+00 
x(t) = | х(т)б(ї — т)ат. 


2.3.5 Invertibility of LTI Systems 


Consider a continuous-time LTI system with impulse response h(t). Based on the discus- 
sion in Section 1.6.2, this system is invertible only if an inverse system exists that, when 
connected in series with the original system, produces an output equal to the input to the 
first system. Furthermore, if an LTI system is invertible, then it has an LTI inverse. (See 
Problem 2.50.) Therefore, we have the picture shown in Figure 2.26. We are given a sys- 
tem with impulse response h(t). The inverse system, with impulse response h(t), results 
in w(t) = x(t)—such that the series interconnection in Figure 2.26(a) is identical to the 
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x(t) 


x(t) 


Уб w(t) = x(t) 


(a) 


Figure 2.26 Concept of an inverse 
Identity system x(t) system for continuous-time LTI sys- 
a(t) tems. The system with impulse re- 


sponse h(t) is the inverse of the 
system with impulse response h(t) if 
(b) A(t) + h(t) = 5(t). 


identity system in Figure 2.26(b). Since the overall impulse response in Figure 2.26(a) is 
h(t) * hy (t), we have the condition that / (7) must satisfy for it to be the impulse response 
of the inverse system, namely, 


h(t) * hy(t) = ô(t). (2.66) 


Similarly, in discrete time, the impulse response /1; [n] of the inverse system for an LTI 
system with impulse response h[n] must satisfy 


hin] * hi[n] = ó[n]. (2.67) 


The following two examples illustrate invertibility and the construction of an inverse 


system. 


Example 2.11 


Consider the LTI system consisting of a pure time shift 
y(t) = x(t — to). (2.68) 


Such a system is a delay if tọ > 0 and an advance if ty < 0. For example, if го > 0, then 
the output at time ż equals the value of the input at the earlier time t — fo. If tj = 0, the 
system in eq. (2.68) is the identity system and thus is memoryless. For any other value 
of fo, this system has memory, as it responds to the value of the input at a time other than 
the current time. 

The impulse response for the system can be obtained from eq. (2.68) by taking the 
input equal to ô(t), i.e., 


A(t) = S(t — to). | (2.69) 
Therefore, 
x(t — to) = x(t) * S(t — to). (2.70) 
That is, the convolution of a signal with a shifted impulse simply shifts the signal. 


To recover the input from the output, i.e., to invert the system, all that is required is 
to shift the output back. The system with this compensating time shift is then the inverse 
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system. That is, if we take 


ge h(t) = (t + to), 


h(t) * hy(t) = S(t — to) * &(t + tg) = (t). 


f Similarly, a pure time shift in discrete time has the unit impulse response 9[n— no], 
— so that convolving a signal with a shifted impulse is the same as shifting the signal. 
— Furthermore, the inverse of the LTI system with impulse response [л — no] is the LTI 
system that shifts the signal in the opposite direction by the same amount—i.e., the LTI 
system with impulse response 5[n + no]. 


Example 2.12 


- Consider ап LTI system with impulse response 


hin] = ujn]. (2.71) 





Using the convolution sum, we can calculate the response of this system to an arbitrary 
input: 


+0 
yin] = >> x[kju[n — k]. (2.72) 
Д=— 
Since u[n — К] is 0 for n — k < O and 1 for n — k = 0, eq. (2.72) becomes 


yn] = S xik). (2.73) 


k--—- 


That is, this system, which we first encountered in Section 1.6.1 [see eq. (1.92)], is a 
summer or accumulator that computes the running sum of all the values of the input 
up to the present time. As we saw in Section 1.6.2, such a system is invertible, and its 
inverse, as given by eq. (1.99), is 


yin] = x[n] — x[n — 1], (2.74) 


which is simply a first difference operation. Choosing x[n] = б[п], we find that the 
impulse response of the inverse system is 


hi[n] = б[п] - ó[n — 1]. (2.75) 
As a check that [n] in ед. (2.71) and A; [n] in eq. (2.75) are indeed the impulse re- 
sponses of LTI systems that are inverses of each other, we can verify eq. (2.67) by direct 
calculation: 


h[n] * hi[n] 


u[n] * {8[п] — [n — 1]} 
u[n] + 6[n] — u[n] ж 8[n — 1] 
u[n] — u[n — 1] 

= §[n]. 





(2.76) 
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2.3.6 Causality for LTI Systems 


In Section 1.6.3, we introduced the property of causality: The output of a causal system 
depends only on the present and past values of the input to the system. By using the con- 
volution sum and integral, we can relate this property to a corresponding property of the 
impulse response of an LTI system. Specifically, in order for a discrete-time LTI system to 
be causal, у[л] must not depend on x[k] for k > n. From eq. (2.39), we see that for this to 
be true, all of the coefficients h[n — k] that multiply values of x[k] for k > n must be zero. 
This then requires that the impulse response of a causal discrete-time LTI system satisfy 
the condition 


hin] = 0 forn<0O. (2.77) 


According to eq. (2.77), the impulse response of a causal LTI system must be zero before 
the impulse occurs, which is consistent with the intuitive concept of causality. More gener- 
ally, as shown in Problem 1.44, causality for a linear system is equivalent to the condition 
of initial rest; i.e., if the input to a causal system is 0 up to some point in time, then the 
output must also be 0 up to that time. It is important to emphasize that the equivalence 
of causality and the condition of initial rest applies only to linear systems. For example, 
as discussed in Section 1.6.6, the system y[n] = 2x[n] + 3 is not linear. However, it is 
causal and, in fact, memoryless. On the other hand, if x[n] = 0, у[п] = 3 # 0, so it does 
not satisfy the condition of initial rest. 

For a causal discrete-time LTI system, the condition in eq. (2.77) implies that the 
convolution sum representation in eq. (2.39) becomes 


yin] = >> x[K]AIn — k), (2.78) 


К=—® 


and the alternative equivalent form, eq. (2.43), becomes 


yin] = > Мп — К]. (2.79) 


k=0 
Similarly, a continuous-time LTI system is causal if 
h(t) = 0 fort <0, (2.80) 


and in this case the convolution integral is given by 


t 


y(t) = | 


x(T)A(t — т)ат = | Е h(r)x(t — т)ат. (2.81) 
oo 0 


Both the accumulator (h[n] = u[n]) and its inverse (h[n] = &[n] — [л — 1]), de- 
scribed in Example 2.12, satisfy eq. (2.77) and therefore are causal. The pure time shift 
with impulse response h(t) = б(1— to) is causal for to = 0 (when the time shift is a delay), 
but is noncausal for ty < 0 (in which case the time shift is an advance, so that the output 
anticipates future values of the input). 
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Finally, while causality is a property of systems, it is common terminology to refer to 
a signal as being causal if it is zero for n < 0 ort < 0. The motivation for this terminology 
comes from eqs. (2.77) and (2.80): Causality of an LTI system is equivalent to its impulse 
response being a causal signal. 


2.3.7 Stability for LTI Systems 


Recall from Section 1.6.4 that a system is stable if every bounded input produces a 
bounded output. In order to determine conditions under which LTI systems are stable, 
consider an input x[n] that is bounded in magnitude: 


|x[n]|< В for all n. (2.82) 


Suppose that we apply this input to an LTI system with unit impulse response h[n]. Then, 
using the convolution sum, we obtain an expression for the magnitude of the output: 


+00 
У` hikin- k] 


= —00 


ly[n]| = : (2.83) 








Since the magnitude of the sum of a set of numbers is no larger than the sum of the mag- 
nitudes of the numbers, it follows from eq. (2.83) that 


bn] s > |{К[хїл— Xil (2.84) 


k2-o 


From eq. (2.82), |x[n — k]| « B for all values of К and л. Together with eq. (2.84), this 
implies that 


in| = B У Jaik] for all n. (2.85) 


--—0 


From eq. (2.85), we can conclude that if the impulse response is absolutely summable, 
that is, if 


> qnt <=, (2.86) 


к= —о 


then у[л] is bounded in magnitude, and hence, the system is stable. Therefore, eq. (2.86) is 
a sufficient condition to guarantee the stability of a discrete-time LTI system. In fact, this 
condition is also a necessary condition, since, as shown in Problem 2.49, if eq. (2.86) is 
not satisfied, there are bounded inputs that result in unbounded outputs. Thus, the stability 
of a discrete-time LTI system is completely equivalent to eq. (2.86). 

In continuous time, we obtain an analogous characterization of stability in terms of 
the impulse response of an LTI system. Specifically, if |x(t)| < B for all г, then, in analogy 
with eqs. (2.83)-(2.85), it follows that 
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DOl 





| h(r)x(t — т)ат 


—©% 





IA 


| Асте — тат 


lA 


+o 
B | |h(r)ldT. 


Therefore, the system is stable if the impulse response is absolutely integrable, i.e., if 


+o 
| |h(r))dv < o. (2.87) 
As in discrete time, if eq. (2.87) is not satisfied, there are bounded inputs that produce 
unbounded outputs; therefore, the stability of a continuous-time LT] system is equivalent 


to eq. (2.87). The use of eqs (2.86) and (2.87) to test for stability is illustrated in the next 
two examples. 


Example 2.13 


Consider a system that is a pure time shift in either continuous time or discrete time. 
Then, in discrete time 


У Ми = У lén — nol = 1, (2.88) 


neo n--o 


- while in continuous time 
кх +20 
| |А(т)|ат = | \8(r — to)dT = 1, (2.89) 


and we conclude that both of these systems are stable. This should not be surprising, 
since if a signal is bounded in magnitude, so is any time-shifted version of that signal. 

Now consider the accumulator described in Example 2.12. As we discussed in 
Section 1.6.4, this is an unstable system, since, if we apply a constant input to an accu- 
mulator, the output grows without bound. That this system is unstable can also be seen 
from the fact that its impulse response и[л] is not absolutely surnmable: 


C ud] = S adi] = os 


п=—® п=0 


Similarly, consider the integrator, the continuous-time counterpart of the accumu- 
lator: | 





t 
y(t) = | х(т)ат. (2.90) 


This is an unstable system for precisely the same reason as that given for the accumula- 
tor; i.e., a constant input gives rise to an output that grows without bound. The impulse 
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response for the integrator can be found by letting x(t) = ô(t), in which case 
h(t) — И ӧ(т)йт = u(t) 
and 
NI = [4 = 0, 


Since the impulse response is not absolutely integrable, the system is not stable. 


2.3.8 The Unit Step Response of an LTI System 


Up to now, we have seen that the representation of an LTI system in terms of its unit 
impulse response allows us to obtain very explicit characterizations of system properties. 
Specifically, since h[n] ог h(t) completely determines the behavior of an LTI system, we 
have been able to relate system properties such as stability and causality to properties of 
the impulse response. 

There is another signal that is also used quite often in describing the behavior of 
LTI systems: the unit step response, s[n] or s(t), corresponding to the output when x[n] = 
u[n] or x(t) = u(t). We will find it useful on occasion to refer to the step response, and 
therefore, it is worthwhile relating it to the impulse response. From the convolution-sum 
representation, the step response of a discrete-time LTI system is the convolution of the 
unit step with the impulse response; that is, 


s[n] = u[n] * A[n]. 


However, by the commutative property of convolution, s[n] = A[n] * u[n], and therefore, 
s[n] can be viewed as the response to the input h[n] of a discrete-time LTI system with 
unit impulse response u[n]. As we have seen in Example 2.12, u[n] is the unit impulse 
response of the accumulator. Therefore, 


s[n] = S h[K]. (2.91) 


k2-—o 


From this equation and from Example 2.12, it is clear that A[n] can be recovered from s[n] 
using the relation 


h[n] = s[n] — s[n — 1]. (2.92) 


That is, the step response of a discrete-time LTI system is the running sum of its impulse 
response [eq. (2.91)]. Conversely, the impulse response of a discrete-time LTI system is 
the first difference of its step response [eq. (2.92)]. 

Similarly, in continuous time, the step response of an LTI system with impulse re- 
sponse A(t) is given by s(t) = u(t) * h(t), which also equals the response of an integra- 
tor [with impulse response и(ї)] to the input A(t). That is, the unit step response of a 
continuous-time LTI system is the running integral of its impulse response, or 


t 
s(t) = | Һ(т)ат, (2.93) 
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and from eq. (2.93), the unit impulse response is the first derivative of the unit step re- 


ѕропѕе,! or 


_ ds(t) , 
h(t) = "dt = 5 (1). (2.94) 


Therefore, in both continuous and discrete time, the unit step response can also be used to 
characterize an LTI system, since we can calculate the unit impulse response from it. In 
Problem 2.45, expressions analogous to the convolution sum and convolution integral are 
derived for the representations of an LTI system in terms of its unit step response. 


2.4 CAUSAL LTI SYSTEMS DESCRIBED BY DIFFERENTIAL 


AND DIFFERENCE EQUATIONS 


An extremely important class of continuous-time systems is that for which the input and 
output are related through a linear constant-coefficient differential equation. Equations of 
this type arise in the description of a wide variety of systems and physical phenomena. For 
example, as we illustrated in Chapter 1, the response of the RC circuit in Figure 1.1 and 
the motion of a vehicle subject to acceleration inputs and frictional forces, as depicted in 
Figure 1.2, can both be described through linear constant-coefficient differential equations. 
Similar differential equations arise in the description of mechanical systems containing 
restoring and damping forces, in the kinetics of chemical reactions, and in many other 
contexts as well. 

Correspondingly, an important class of discrete-time systems is that for which the in- 
put and output are related through a linear constant-coefficient difference equation. Equa- 
tions of this type are used to describe the sequential behavior of many different processes. 
For instance, in Example 1.10 we saw how difference equations arise in describing the 
accumulation of savings in a bank account, and in Example 1.11 we saw how they can 
be used to describe a digital simulation of a continuous-time system described by a dif- 
ferential equation. Difference equations also arise quite frequently in the specification of 
discrete-time systems designed to perform particular operations on the input signal. For 
example, the system that calculates the difference between successive input values, as in 
eq. (1.99), and the system described by eq. (1.104) that computes the average value of the 
input over an interval are described by difference equations. 

Throughout this book, there will be many occasions in which we will consider and 
examine systems described by linear constant-coefficient differential and difference equa- 
tions. In this section we take a first look at these systems to introduce some of the basic 
ideas involved in solving differential and difference equations and to uncover and explore 
some of the properties of systems described by such equations. In subsequent chapters, we 
develop additional tools for the analysis of signals and systems that will add considerably 
both to our ability to analyze systems described by such equations and to our understanding 
of their characteristics and behavior. 


'Throughout this book, we will use both the notations indicated in eq. (2.94) to denote first derivatives. 
Analogous notation will also be used for higher derivatives. 
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2.4.1 Linear Constant-Coefficient Differential Equations 


To introduce some of the important ideas concerning systems specified by linear constant- 
coefficient differential equations, let us consider a first-order differential equation as in eq. 
(1.85), viz., 


= + 2y(t) = x(t), (2.95) 


where y(t) denotes the output of the system and x(t) is the input. For example, comparing 
eq. (2.95) to the differential equation (1.84) for the velocity of a vehicle subject to applied 
and frictional forces, we see that eq. (2.95) would correspond exactly to this system if 
y(t) were identified with the vehicle's velocity v(t), if x(t) were taken as the applied force 
f (t), and if the parameters in eq. (1.84) were normalized in units such that b/m = 2 and 
Шт = 1. 

A very important point about differential equations such as eq. (2.95) is that they 
provide an implicit specification of the system. That is, they describe a relationship be- 
tween the input and the output, rather than an explicit expression for the system output 
as a function of the input. In order to obtain an explicit expression, we must solve the 
differential equation. To find a solution, we need more information than that provided by 
the differential equation alone. For example, to determine the speed of an automobile at 
the end of a 10-second interval when it has been subjected to a constant acceleration of 
1 m/sec? for 10 seconds, we would also need to know how fast the vehicle was moving at 
the start of the interval. Similarly, if we are told that a constant source voltage of 1 volt is 
applied to the КС circuit in Figure 1.1 for 10 seconds, we cannot determine what the ca- 
pacitor voltage is at the end of that interval without also knowing what the initial capacitor 
voltage is. 

More generally, to solve a differential equation, we must specify one or more auxil- 
iary conditions, and once these are specified, we can then, in principle, obtain an explicit 
expression for the output in terms of the input. In other words, a differential equation such 
as eq. (2.95) describes a constraint between the input and the output of a system, but to 
characterize the system completely, we must also specify auxiliary conditions. Different 
choices for these auxiliary conditions then lead to different relationships between the in- 
put and the output. For the most part, in this book we will focus on the use of differential 
equations to describe causal LTI systems, and for such systems the auxiliary conditions 
take a particular, simple form. To illustrate this and to uncover some of the basic properties 
of the solutions to differential equations, let us take a look at the solution of eq. (2.95) for 
a specific input signal x(t).? 


?Our discussion of the solution of linear constant-coefficient differential equations is brief, since we as- 
sume that the reader has some familiarity with this material. For review, we recommend a text on the solution of 
ordinary differential equations, such as Ordinary Differential Equations (3rd ed.), by G. Birkhoff and G.-C. Rota 
(New York: John Wiley and Sons, 1978), or Elementary Differential Equations (3rd ed.), by W.E. Boyce and 
R.C. DiPrima (New York: John Wiley and Sons, 1977). There are also numerous texts that discuss differential 
equations in the context of circuit theory. See, for example, Basic Circuit Theory, by L.O. Chua, C.A. Desoer, 
and E.S. Kuh (New York: McGraw-Hill Book Company, 1987). As mentioned in the text, in the following 
chapters we present other very useful methods for solving linear differential equations that will be sufficient for 
our purposes. In addition, a number of exercises involving the solution of differential equations are included in 
the problems at the end of the chapter. 
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Example 2.14 


Consider the solution of eq. (2.95) when the input signal is 
x(t) = Ke*u(t), (2.96) 


where K is a real number. 
The complete solution to eq. (2.96) consists of the sum of a particular solution, 
y,(t), and a homogeneous solution, y(t), i.e., 


y(t) = yp(t) + yalt), (2.97) 


where the particular solution satisfies eq. (2.95) and y,(t) is a solution of the homoge- 
neous differential equation 


—— + 2y(t) = 0. (2.98) 


dy(t) 
dt 


А common method for finding the particular solution for an exponential input signal as 
in eq. (2.96) is to look for a so-called forced response—i.e., г signal of the same form 
as the input. With regard to eq. (2.95), since x(t) = Ke” for t > 0, we hypothesize a 
solution for t > 0 of the form 


yp(t) = Ye”, (2.99) 


where Y is a number that we must determine. Substituting eqs. (2.96) and (2.99) into 
eq. (2.95) for t > 0 yields 


3Ye* +2Ye* = Ke. (2.100) 
Canceling the factor e* from both sides of eq. (2.100), we obtain 
3Y +2Y = K, (2.101) 
or 
Y = E (2.102) 
5 
so that 
yp(t) = e. 1> 0. (2.103) 
In order to determine y(t), we hypothesize a solution of the form 
Yalt) = Ае". (2.104) 
Substituting this into eq. (2.98) gives 
Ase“ + 2Ae" = Ae™(s + 2) = 0. (2.105) 
From this equation, we see that we must take s = —2 and that Ae ?' is a solution to eq. 


(2.98) for any choice of A. Utilizing this fact and eq. (2.103) in eq. (2.97), we find that 
the solution of the differential equation for t > 0 is 


y(t) = Ae? + se. 1> 0. (2.106) 
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As noted earlier, the differential equation (2.95) by itself does not specify uniquely the 
response y(t) to the input x(t) in eq. (2.96). In particular, the constant A in eq. (2.106) 
has not yet been determined. In order for the value of A to be determined, we need to 
specify an auxiliary condition in addition to the differential equation (2.95). As explored 
in Problem 2.34, different choices for this auxiliary condition lead to different solutions 
y(t) and, consequently, to different relationships between the input and the output. As 
we have indicated, for the most part in this book we focus on differential and difference 
equations used to describe systems that are LTI and causal, and in this case the auxiliary 
condition takes the form of the condition of initial rest. That is, as shown in Problem 1.44, 
for a causal LTI system, if x(t) = 0 fort < fo, then y(t) must also equal 0 fort < to. From 
eq. (2.96), we see that for our example x(t) = 0 fort < 0, and thus, the condition of initial 
rest implies that y(t) = 0 for: < 0. Evaluating eq. (2.106) att = 0 and setting у(0) = 0 
yields 


or 


Thus, for t > 0, 
y(t) = ile - е2}, (2.107) 


while for t < 0, y(t) = 0, because of the condition of initial rest. Combining these two 
cases, we obtain the full solution 


y(t) = = le - e? juo (2.108) 


Example 2.14 illustrates several very important points concerning linear constant- 
coefficient differential equations and the systems they represent. First, the response to 
an input x(t) will generally consist of the sum of a particular solution to the differential 
equation and a homogeneous solution —i.e., a solution to the differential equation with the 
input set to zero. The homogeneous solution is often referred to as the natural response 
of the system. The natural responses of simple electrical circuits and mechanical systems 
are explored in Problems 2.61 and 2.62. 

In Example 2.14 we also saw that, in order to determine completely the relation- 
ship between the input and the output of a system described by a differential equation 
such as eq. (2.95), we must specify auxiliary conditions. An implication of this fact, 
which is illustrated in Problem 2.34, is that different choices of auxiliary conditions lead 
to different relationships between the input and the output. As we illustrated in the ex- 
ample, for the most part we will use the condition of initial rest for systems described 
by differential equations. In the example, since the input was 0 for t < 0, the condition 
of initial rest implied the initial condition y(0) — 0. As we have stated, and as illustrated in 
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Problem 2.33, under the condition of initial rest the system described by eq. (2.95) is LTI 
and causal. For example, if we multiply the input in eq. (2.96) by 2, the resulting output 
would be twice the output in eq. (2.108). 

It is important to emphasize that the condition of initial rest does not specify a zero 
initial condition at a fixed point in time, but rather adjusts this point in time so that the 
response is zero until the input becomes nonzero. Thus, if x(t) = 0 for t = to for the 
causal LTI system described by eq. (2.95), then y(t) = 0 for < to, and we would use 
the initial condition y(t9) = 0 to solve for the output for t > tọ. As a physical example, 
consider again the circuit in Figure 1.1, also discussed in Example 1.8. Initial rest for this 
example corresponds to the statement that, until we connect a nonzero voltage source to the 
circuit, the capacitor voltage is zero. Thus, if we begin to use the circuit at noon today, the 
initial capacitor voltage as we connect the voltage source at noon today is zero. Similarly, 
if we begin to use the circuit at noon tomorrow instead, the initial capacitor voltage as we 
connect the voltage source at noon tomorrow is zero. 

This example also provides us with some intuition as to why the condition of initial 
rest makes a system described by a linear constant-coefficient differential equation time 
invariant. For example, if we perform an experiment on the circuit, starting from initial 


_ rest, then, assuming that the coefficients R and C don't change over time, we would expect 


to get the same results whether we ran the experiment today or tomorrow. That is, if we 
perform identical experiments on the two days, where the circuit starts from initial rest at 
noon on each day, then we would expect to see identical responses—i.e., responses that 
are simply time-shifted by one day with respect to each other. 

While we have used the first-order differential equation (2.95) as the vehicle for the 
discussion of these issues, the same ideas extend directly to systerns described by higher 
order differential equations. A general Nth-order linear constant-coefficient differential 
equation is given by 





x а*у@) d*x(r) 
2.9 4 -5e Gh (2.109) 


The order refers to the highest derivative of the output y(t) appearing in the equation. In 
the case when N = 0, eq. (2.109) reduces to 





M k 
y(t) = X ж) (2.110) 


In this case, y(t) is an explicit function of the input х(ї) and its derivatives. For № = 1, 
eq. (2.109) specifies the output implicitly in terms of the input. In this case, the analysis 
of the equation proceeds just as in our discussion of the first-order differential equation in 
Example 2.14. The solution y(t) consists of two parts—a particular solution to eq. (2.109) 


3In fact, as is also shown in Problem 2.34, if the initial condition for eq. (2.95) is nonzero, the resulting 
system is incrementally linear. That is, the overall response can be viewed, much as in Figure 1.48, as the 
superposition of the response to the initial conditions alone (with input set to 0) and the response to the input 
with an initial condition of 0 (i.e., the response of the causal LTI system described by eq. (2.95)). 
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plus a solution to the homogeneous differential equation 


N kta 
Fg Ho (2.111) 





The solutions to this equation are referred to as the natural responses of the system. 

As in the first-order case, the differential equation (2.109) does not completely spec- 
ify the output in terms of the input, and we need to identify auxiliary conditions to deter- 
mine completely the input-output relationship for the system. Once again, different choices 
for these auxiliary conditions result in different input-output relationships, but for the most 
part, in this book we will use the condition of initial rest when dealing with systems de- 
scribed by differential equations. That is, if x(t) = 0 for t S fy, we assume that y(t) = 0 
for t x to, and therefore, the response for t > tọ can be calculated from the differential 
equation (2.109) with the initial conditions 


dy(to) _ _ dF"y(n) _ 
a =... = 0 (2.112) 





y(to) = 


Under the condition of initial rest, the system described by eq. (2.109) is causal and LTI. 
Given the initial conditions in eq. (2.112), the output у(ї) can, in principle, be determined 
by solving the differential equation in the manner used in Example 2.14 and further illus- 
trated in several problems at the end of the chapter. However, in Chapters 4 and 9 we will 
develop some tools for the analysis of continuous-time LTI systems that greatly facilitate 
the solution of differential equations and, in particular, provide us with powerful methods 
for analyzing and characterizing the properties of systems described by such equations. 


2.4.2 Linear Constant-Coefficient Difference Equations 


The discrete-time counterpart of eq. (2.109) is the Nth-order linear constant-coefficient 
difference equation 


N M 
> aln - k] = S bx[n - К]. (2.113) 
к=0 k=0 


An equation of this type can be solved in a manner exactly analogous to that for differential 
equations. (See Problem 2.32.)* Specifically, the solution y[n] can be written as the sum 
of a particular solution to eq. (2.113) and a solution to the homogeneous equation 


N 
S apin- К] = 0. (2.114) 
k-0 


‘For a detailed treatment of the methods for solving linear constant-coefficient difference equations, 
see Finite Difference Equations, by H. Levy and F. Lessman (New York: Macmillan, Inc., 1961), or Finite 
Difference Equations and Simulations (Englewood Cliffs, NJ: Prentice-Hall, 1968) by F. B. Hildebrand. In 
Chapter 6, we present another method for solving difference equations that greatly facilitates the analysis of 
linear time-invariant systems that are so described. In addition, we refer the reader to the problems at the end 
of this chapter that deal with the solution of difference equations. 
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The solutions to this homogeneous equation are often referred to as the natural responses 
of the system described by eq. (2.113). 

As in the continuous-time case, eq. (2.113) does not completely specify the output 
in terms of the input. To do this, we must also specify some auxiliary conditions. While 
there are many possible choices for auxiliary conditions, leading to different input-output 
relationships, we will focus for the most part on the condition of initial rest—i.e., if x[n] = 
О for n < no, then y[n] = О for n < no as well. With initial rest, the system described by 
eq. (2.113) is LTI and causal. 

Although all of these properties can be developed following an approach that di- 
rectly parallels our discussion for differential equations, the discrete-time case offers an 
alternative path. This stems from the observation that eq. (2.113) can be rearranged in the 
form 


M N ү 
у[п] = EJ © beln- k] У аку[п – kl}. (2.115) 
do | 4-0 k=l j 


Equation (2.115) directly expresses the output at time n in terms of previous values of the 
input and output. From this, we can immediately see the need for auxiliary conditions. In 
order to calculate y[n], we need to know y[n — 1],..., y[n — N]. Therefore, if we are given 
the input for all n and a set of auxiliary conditions such as y[—N], y[-N + 1],..., у[—1], 
eq. (2.115) can be solved for successive values of y[n]. 

An equation of the form of eq. (2.113) or eq. (2.115) is called a recursive equation, 
since it specifies a recursive procedure for determining the output in terms of the input and 
previous outputs. In the special case when N = 0, eq. (2.115) reduces to 


M 
yin] = > (2 sim - kl. (2.116) 


k-0 


This is the discrete-time counterpart of the continuous-time system given in eq. (2.110). 
Here, y[n] is an explicit function of the present and previous values of the input. For this 
reason, eq. (2.116) is often called a nonrecursive equation, since we do not recursively 
use previously computed values of the output to compute the present value of the output. 
Therefore, just as in the case of the system given in eq. (2.110), we do not need auxiliary 
conditions in order to determine y[n]. Furthermore, eq. (2.116) describes an LTI system, 
and by direct computation, the impulse response of this system is found to be 


ар’ А . (2.117) 
0, otherwise 


м] = [= О=л= М 
That is, eq. (2.116) is nothing more than the convolution sum. Note that the impulse re- 
sponse for it has finite duration; that is, itis nonzero only over a finite time interval. Because 
of this property, the system specified by eq. (2.116) is often called a finite impulse response 
(FIR) system. 

Although we do not require auxiliary conditions for the case of N = 0, such condi- 
tions are needed for the recursive case when N = 1. To illustrate the solution of such an 
equation, and to gain some insight into the behavior and properties of recursive difference 
equations, let us examine the following simple example: 
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Example 2.15 


Consider the difference equation 

yin] - Syn — 1] = x[n]. 2.118) 
Eq. (2.118) can also be expressed in the form 

у[п] = x[n] + 501" = (2.119) 


highlighting the fact that we need the previous value of ће output, у[л — 1], to calculate 
the current value. Thus, to begin the recursion, we need an initial condition. 

For example, suppose that we impose the condition of initial rest and consider the 
input 


x[n] = Kó[n]. (2.120) 


In this case, since x[n] = Oforn = — 1, the condition of initial rest implies that y[n] = 
0 for n = —1, so that we have as an initial condition у[—1] = 0. Starting from this 
initial condition, we can solve for successive values of y[n] for n > 0 as follows: 


y[0] = x[0] + pU) = К, (2.121) 

УШ) = xt] + 5910] = $K, (2.122) 
1 ba 

2] = x12] + 500 = 6) к, (2.123) 
1 1Y 

yin) = xin] + уул - 1] = G) K. (2.124) 


Since the system specified by eq. (2.118) and the condition of initial rest is LTI, its input- 
output behavior is completely characterized by its impulse response. Setting K = 1, we 
see that the impulse response for the system considered in this example is 


h[n] = G) и[п]. (2.125) 


Note that the causal LTI system in Example 2.15 has an impulse response of infinite 
duration. In fact, if N = 1 in eq. (2.113), so that the difference equation is recursive, it 
is usually the case that the LTI system corresponding to this equation together with the 
condition of initial rest will have an impulse response of infinite duration. Such systems 
are commonly referred to as infinite impulse response (IIR) systems. 

As we have indicated, for the most part we will use recursive difference equations in 
the context of describing and analyzing systems that are linear, time-invariant, and causal, 
and consequently, we will usually make the assumption of initial rest. In Chapters 5 
and 10 we will develop tools for the analysis of discrete-time systems that will provide us 
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with very useful and efficient methods for solving linear constant-coefficient difference 
equations and for analyzing the properties of the systems that they describe. 


2.4.3 Block Diagram Representations of First-Order Systems 
Described by Differential and Difference Equations 


An important property of systems described by linear constant-coefficient difference and 
differential equations is that they can be represented in very simple and natural ways 
in terms of block diagram interconnections of elementary operations. This is significant 
for a number of reasons. One is that it provides a pictorial representation which can add 
to our understanding of the behavior and properties of these systems. In addition, such 
representations can be of considerable value for the simulation or implementation of the 
systems. For example, the block diagram representation to be introduced in this section 
for continuous-time systems is the basis for early analog computer simulations of systems 
described by differential equations, and it can also be directly translated into a program 
for the simulation of such a system on a digital computer. In addition, the corresponding 
representation for discrete-time difference equations suggests simple and efficient ways 
in which the systems that the equations describe can be implemented in digital hardware. 
In this section, we illustrate the basic ideas behind these block diagram representations 
by constructing them for the causal first-order systems introduced in Examples 1.8—1.11. 
In Problems 2.57-2.60 and Chapters 9 and 10, we consider block diagrams for systems 
described by other, more complex differential and difference equations. 

We begin with the discrete-time case and, in particular, the causal system described 
by the first-order difference equation 


y[n] + ay[n — 1] = bx[n]. (2.126) 


To develop a block diagram representation of this system, note that the evaluation of 
eq. (2.126) requires three basic operations: addition, multiplication by a coefficient, and 
delay (to capture the relationship between y[n] and y[n — 1]). Thus, let us define three 
basic network elements, as indicated in Figure 2.27. To see how these basic elements can 
be used to represent the causal system described by eq. (2.126), we rewrite this equation 
in the form that directly suggests a recursive algorithm for computing successive values 
of the output у[л]: 


yln] = —ay[n — 1] + bx[n]. (2.127) 


This algorithm is represented pictorially in Figure 2.28, which is an example of a feedback 
system, since the output is fed back through a delay and a multiplication by a coefficient 
and is then added to bx[n]. The presence of feedback is a direct consequence of the recur- 
sive nature of eq. (2.127). 

The block diagram in Figure 2.28 makes clear the required memory in this system 
and the consequent need for initial conditions. In particular, a delay corresponds to a mem- 
ory element, as the element must retain the previous value of its input. Thus, the initial 
value of this memory element serves as a necessary initial condition for the recursive cal- 
culation specified pictorially in Figure 2.28 and mathematically in eq. (2.127). Of course, 
if the system described by eq. (2.126) is initially at rest, the initial value stored in the 
memory element is zero. 
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xo[n] 


x[n] xi[n] + ху[п] 


a 
[Па a(n] 


(b) 


Figure 2.27 Basic elements for 


the block diagram representation 
x[n] — : х[п—1] of the causal system described by 

eq. (2.126): (a) an adder; (b) multi- 

plication by a coefficient; (c) a unit 


(c) delay. 
у[п] 
Figure 2.28 Block diagram repre- 


sentation for the causal discrete-time 
system described by eq. (2.126). 





yIn-1] 


Consider next the causal continuous-time system described by a first-order differen- 
tial equation: 
d y(t 
a + ay(t) = bx(t). (2.128) 
As a first attempt at defining a block diagram representation for this system, let us rewrite 
it as 


Тау) b 
2 + 4,0 (2.129) 


Ў) = 
The right-hand side of this equation involves three basic operations: addition, multiplica- 
tion by a coefficient, and differentiation. Therefore, if we define the three basic network 
elements indicated in Figure 2.29, we can consider representing eq. (2.129) as an inter- 
connection of these basic elements in a manner analogous to that used for the discrete-time 
system described previously, resulting in the block diagram of Figure 2.30. 

While the latter figure is a valid representation of the causal system described by 
eq. (2.128), it is not the representation that is most frequently used or the representation 
that leads directly to practical implementations, since differentiators are both difficult to 
implement and extremely sensitive to errors and noise. An alternative implementation that 
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Xo(t) 
x(t) xq(t) + xo(t) 
(a) 
" а 
X(t) —5SÀ———— aax(t) 
(b) 


Figure 2.29 One possible set of 


ах() basic elements for the block diagram 
x(t) "HU representation of the continuous-time 
system described by eq. (2.128): 


(a) an adder; (b) multiplication by a 


(c) coefficient; (c) a differentiator. 
b/a 
x(t) (+) y(t) 
Figure 2.30 Block diagram 
representatiori for the system in 
eqs. (2.128) and (2.129), using adders, 
dy(t) , multiplications by coefficients, and 
dt differentiators. 


is much more widely used can be obtained by first rewriting eq. (2.128) as 


= = bx(t) — ay(t) (2.130) 


and then integrating from — to т. Specifically, if we assume that in the system described 
by eq. (2.130) the value of y(—%) is zero, then the integral of dy(t)/dt from —® to t is 
precisely y(t). Consequently, we obtain the equation 


t 
y(t) = | [bx(7) — ау(т)| ат. (2.131) 


In this form, our system сап be implemented using the adder and coefficient multiplier 
indicated in Figure 2.29, together with an integrator, as defined in Figure 2.31. Figure 2.32 
is a block diagram representation for this system using these elements. 
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t 
x(t) f „9 9 Figure 2.31 Pictorial representation 
of an integrator. 


xt) >) yt 





Figure 2.32 Block diagram rep- 
resentation for the system in eqs. 
(2.128) and (2.131), using adders, 
multiplications by coefficients, and in- 
tegrators. 


Since integrators can be readily implemented using operational amplifiers, repre- 
sentations such as that in Figure 2.32 lead directly to analog implementations, and indeed, 
this is the basis for both early analog computers and modern analog computation systems. 
Note that in the continuous-time case it is the integrator that represents the memory stor- 
age element of the system. This is perhaps more readily seen if we consider integrating 
eq. (2.130) from a finite point in time fo, resulting in the expression 


t 


y(t) = y(to) + | [bx(7) — ay(7)) ат. (2.132) 


to 


Equation (2.132) makes clear the fact that the specification of y(t) requires an initial con- 
dition, namely, the value of y (to). It is precisely this value that the integrator stores at 
time fo. 

While we have illustrated block diagram constructions only for the simplest first- 
order differential and difference equations, such block diagrams can also be developed for 
higher order systems, providing both valuable intuition for and possible implementations 
of these systems. Examples of block diagrams for higher order systems can be found in 
Problems 2.58 and 2.60. 


2.5 SINGULARITY FUNCTIONS 


In this section, we take another look at the continuous-time unit impulse function in order 
to gain additional intuitions about this important idealized signal and to introduce a set of 
related signals known collectively as singularity functions. In particular, in Section 1.4.2 
we suggested that a continuous-time unit impulse could be viewed as the idealization of a 
pulse that is "short enough" so that its shape and duration is of no practical consequence— 
i.e., so that as far as the response of any particular LTI system is concerned, all of the area 
under the pulse can be thought of as having been applied instantaneously. In this section, 
we would first like to provide a concrete example of what this means and then use the 
interpretation embodied within the example to show that the key to the use of unit impulses 
and other singularity functions is in the specification of how LTI systems respond to these 
idealized signals; i.e., the signals are in essence defined in terms of how they behave under 
convolution with other signals. 
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2.5.1 The Unit Impulse as an Idealized Short Pulse 


From the sifting property, eq. (2.27), the unit impulse 6(t) is the impulse response of the 
identity system. That is, 


x(t) = x(t) * б(ї) (2.133) 
for any signal x(t). Therefore, if we take x(t) = ó(t), we have 
S(t) = ó(t) * б(ї). (2.134) 


Equation (2.134) is a basic property of the unit impulse, and it also has a significant im- 
plication for our interpretation of the unit impulse as an idealized pulse. For example, as 
in Section 1.4.2, suppose that we think of (f) as the limiting form of a rectangular pulse. 
Specifically, let д (7) correspond to the rectangular pulse defined in Figure 1.34, and let 


ra(t) = da(t) * a(t). (2.135) 


Then гд (тї) is as sketched in Figure 2.33. If we wish to interpret 5(t) as the limit as A — 0 of 
5,(t), then, by virtue of eq. (2.134), the limit as A — O for ra(t) must also be a unit impulse. 
In a similar manner, we can argue that the limits as А — 0 of ra(t) * ra(t) or ra(t) * бд(ї) 
must be unit impulses, and so on. Thus, we see that for consistency, if we define the unit 
impulse as the limiting form of some signal, then in fact, there is an unlimited number of 
very dissimilar-looking signals, all of which behave like an impulse in the limit. 

The key words in the preceding paragraph are “behave like an impulse,” where, as 
we have indicated, what we mean by this is that the response of an LTI system to all of 
these signals is essentially identical, as long as the pulse is “short enough,” i.e., A is "small 
enough.” The following example illustrates this idea: 


ra(t) 


1 
A 
Figure 2.33 The signal r(t) 
0 24 t defined in eq. (2.135). 
Example 2.16 
Consider the LTI system described by the first-order differential equation 
20 + 2y(t) = x(t), (2.136) 


together with the condition of initial rest. Figure 2.34 depicts the response of this system 
to ôa (t), ra (t), ra(t) * ôa (t), and ra(t) * ra(t) for several values of A. For A large enough, 
the responses to these input signals differ noticeably. However, for A sufficiently small, 
the responses are essentially indistinguishable, so that all of the input signals “behave” 
in the same way. Furthermore, as suggested by the figure, the limiting form of all of these 
responses is precisely e ?'u(r). Since the limit of each of these signals as A — 0 is the 
unit impulse, we conclude that e™™ u(t) is the impulse response for this system.? 


*In Chapters 4 and 9, we will describe much simpler ways to determine the impulse response of causal 
LTI systems described by linear constant-coefficient differential equations. 
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1 , 

0 1 2 1 
Responses to x(t) = 5,(t) Responses to x(t) = r,(t) 

(a) (b) 











1 
0 1 2 0 1 2 
Responses to x(t) = 54(t)«r(t) Responses to x(t) = r4(t)+r,(t) 
(c) (d) 


1 








hit) = e?u (t) 








(e) 


Figure 2.34 Interpretation of a unit impulse as the idealization of a pulse 
whose duration is "short enough" so that, as far as the response of an LTI 
system to this pulse is concerned, the pulse can be thought of as having 
been applied instantaneously: (a) responses of the causal LTI system de- 
scribed by eq. (2.136) to the input 5,(t) for А = 0.25, 0.1, and 0.0025; 

(b) responses of the same system to ra(t) for the same values of A; (c) re- 
sponses to 5,(t)*/(t); (d) responses to ra(t)» ra(t); (e) the impulse response 
h(t) = e-?'u(t) for the system. Note that, for A = 0.25, there are noticeable 
differences among the responses to these different signals; however, as A 
becomes smaller, the differences diminish, and all of the responses converge 
to the impulse response shown in (e). 
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One important point to be emphasized is that what we mean by “А small enough” 
_ depends on the particular LTI system to which the preceding pulses are applied. For 
- example, in Figure 2.35, we have illustrated the responses to these pulses for different 











0.1 0.2 0 0.1 0.2 
Responses to x(t) = 8,(t) Responses to x(t) = r,(t) 
(a) (b) 


A=0.00025 








0 1 
0 0.1 0.2 0 0.1 0.2 
Responses to x(t) = õa (t) ra(t) Responses to x(t) = r,(t)«r4(t) 
(c) (d) 


1 






h(t) = e ??'u (t) 


0.5 


0 0.1 0.2 
(e) 


Figure 2.35 Finding a value of A that is "small enough" depends upon 

the system to which we are applying inputs: (a) responses of the causal LTI 
system described by eq. (2.137) to the input 5,(t) for A = 0.025, 0.01, and 
0.00025; (b) responses to ra(t); (c) responses to 5,(t)*ra(t); (d) responses to 
r(t) * ra (t); (е) the impulse response A(t) = e~2°'u(t) for the system. Com- 
paring these responses to those in Figure 2.34, we see that we need to use a 
smaller value of A in this case before the duration and shape of the pulse are 
of no consequence. 
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values of A for the causal LTI system described by the first-order differential equation 


20 + 20y(t) = x(t). (2.137) 

_ As seen in the figure, we need a smaller value of A in this case in order for the responses 
to be indistinguishable from each other and from the impulse response h(t) = e~?°' u(t) 
for the system. Thus, while what we mean by “A small enough” is different for these 
two systems, we can find values of A small enough for both. The unit impulse is then 
the idealization of a short pulse whose duration is short enough for all systems. 


2.5.2 Defining the Unit Impulse through Convolution 


As the preceding example illustrates, for A small enough, the signals ôa (t), rA(£), ra(t) * 
5a(t), and гд(ї) * гд(ї) all act like impulses when applied to an LTI system. In fact, there 
are many other signals for which this is true as well. What it suggests is that we should 
think of a unit impulse in terms of how an LTI system responds to it. While usually a 
function or signal is defined by what it is at each value of the independent variable, the 
primary importance of the unit impulse is not what it is at each value of г, but rather what 
it does under convolution. Thus, from the point of view of linear systems analysis, we may 
alternatively define the unit impulse as that signal which, when applied to an LTI system, 
yields the impulse response. That is, we define 5(t) as the signal for which 


x(t) = x(t) * б(ї) (2.138) 


for any x(t). In this sense, signals, such as 5,(t), ra(t), etc., which correspond to short 
pulses with vanishingly small duration as A — 0, all behave like a unit impulse in the 
limit because, if we replace 6(t) by any of these signals, then eq. (2.138) is satisfied in the 
limit. 

All the properties of the unit impulse that we need can be obtained from the opera- 
tional definition given by eq. (2.138). For example, if we let x(t) = 1 for all t, then 


+ 


] = x(t) = x(t) *ó(t) = S(t) * x(t) = | " 8(r)x(t — T)dT 


—® 


+ 
| б8(т)ат, 


—% 


so that the unit impulse has unit area. 

It is sometimes useful to use another completely equivalent operational definition of 
ô(t). To obtain this alternative form, consider taking an arbitrary signal g(t), reversing it 
in time to obtain g(—f), and then convolving this with б(т). Using eq. (2.138), we obtain 


+00 


g(—t) = g(—-t) * ô(t) = | g(t — t)8(r)dr, 


which, for t = 0, yields 


+% 


g(0) = | #(т) 8(т)ат. (2.139) 
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Therefore, the operational definition of 6(t) given by eq. (2.138) implies eq. (2.139). On 
the other hand, eq. (2.139) implies eq. (2.138). To see this, let x(t) be a given signal, fix a 
time f, and define 


g(T) = x(t — т). 
Then, using eq. (2.139), we have 


x(t) = g(0) = | #(т)д(т)ат = | x(t = т) (т) йт, 


=o 


which is precisely eq. (2.138). Therefore, eq. (2.139) is an equivalent operational definition 
of the unit impulse. That is, the unit impulse is the signal which, when multiplied by a 
signal g(t) and then integrated from — to +, produces the value g(0). 

Since we will be concerned principally with LTI systems, and thus with convolution, 
the characterization of ô(t) given in eq. (2.138) will be the one to which we will refer most 
often. However, eq. (2.139) is useful in determining some of the other properties of the 
unit impulse. For example, consider the signal f(t) 5(t), where f(t) is another signal. Then, 
from eq. (2.139), 


| g(r)f(r)ó(r)dv = g(0)f(0). (2.140) 


On the other hand, if we consider the signal f(0) 5(t), we see that 


+% 
| 8(т) 70) ё(т) ат = 8(0)/(0). (2.141) 
Comparing eqs. (2.140) and (2.141), we find that the two signals f (1) (7) and /(0) (7) be- 
have identically when they are multiplied by any signal g(t) and then integrated from —o 
to +œ. Consequently, using this form of the operational definition of signals, we conclude 
that 


FOS) = 300) (0), (2.142) 


which is a property that we derived by alternative means in Section 1.4.2. [See eq. (1.76).] 


2.5.3 Unit Doublets and Other Singularity Functions 


The unit impulse is one of a class of signals known as singularity functions, each of which 
can be defined operationally in terms of its behavior under convolution. Consider the LTI 
system for which the output is the derivative of the input, i.e., 


dx(t) 
dt 





y(t) = (2.143) 
The unit impulse response of this system is the derivative of the unit impulse, which is 
called the unit doublet u,(t). From the convolution representation for LTI systems, we 
have 
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dx(t) 
dt 





= x(t) * u(t) (2.144) 


for any signal x(t). Just as eq. (2.138) serves as the operational definition of 6(t), we will 
take eq. (2.144) as the operational definition of u,(t). Similarly, we can define u(t), the 
second derivative of 6(t), as the impulse response of an LTI system that takes the second 
derivative of the input, i.e., 








d? 
E = x(t) * u(t). (2.145) 
From eq. (2.144), we see that 
d*x(t) а (dx(t) 
a Se о) = x(t) * u(t) * u(t), (2.146) 
and therefore, 
u(t) = u(t) * u(t). (2.147) 


In general, u,(t), k > 0, is the kth derivative of 5(r) and thus is the impulse response of a 
system that takes the kth derivative of the input. Since this system can be obtained as the 
cascade of k differentiators, we have 


uy(t) = uy(t) ж * u(t). (2.148) 
ge 
k times 
As with the unit impulse, each of these singularity functions has properties that can 


be derived from its operational definition. For example, if we consider the constant signal 
x(t) = 1, we find that 


+00 


x(t) * u,(t) = | uy(T)x(t — т) dt 


—%® 


_ dx(t) 


Y dt 





| | и|(т)ат, 


so that the unit doublet has zero area. Moreover, if we convolve the signal g(—1) with u(t), 
we obtain 


| «т-д = к-ди = 289 = -g'n 
which, for t = 0, yields 
~g'(0) = | #(т\ш(йт. (2.149) 
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In an analogous manner, we can derive related properties of и (7) and higher order singu- 
larity functions, and several of these properties are considered in Problem 2.69. 

As with the unit impulse, each of these singularity functions can be informally re- 
lated to short pulses. For example, since the unit doublet is formally the derivative of the 
unit impulse, we can think of the doublet as the idealization of the derivative of a short 
pulse with unit area. For instance, consider the short pulse 5,(f) in Figure 1.34. This pulse 
behaves like an impulse as A — 0. Consequently, we would expect its derivative to be- 
have like a doublet as A — 0. As verified in Problem 2.72, dó4(tYdt is as depicted in 
Figure 2.36: It consists of a unit impulse at г = 0 with area +1/A, followed by a unit 
impulse of area —1/A at t = A, i.e., 


dôs (t) ЖЕ 
dt A 





[8(0) — 6(t — А)]. (2.150) 


Consequently, using the fact that x(t) * 8(t — to) = x(t — to) [see eq. (2.70)], we find that 


dôa(t) — x(t) — x(t — A) Š dx(t) 


at) dt A dt ' 





(2.151) 


where the approximation becomes increasingly accurate as А — 0. Comparing eq. (2.151) 
with eq. (2.144), we see that d5,(t)/dt does indeed behave like a unit doublet as А — 0. 

In addition to singularity functions that are derivatives of different orders of the unit 
impulse, we can also define signals that represent successive integrals of the unit im- 
pulse function. As we saw in Example 2.13, the unit step is the impulse response of an 
integrator: 


1 
y(t) - | х(т) dr. 
Therefore, 


t 
u(t) = | б(т)ат, (2.152) 


95400 
dt 


Figure 2.36 The derivative 
d5,(t)/dt of the short rectangular 
pulse ôa (t) of Figure 1.34. 
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and we also have the following operational definition of и(ї): 
I 
x(t) * u(t) = | х(т) dt. (2.153) 


Similarly, we can define the system that consists of a cascade of two integrators. Its 
impulse response is denoted by u_2(t), which is simply the convolution of u(t), the impulse 
response of one integrator, with itself: 


u-»x(t) = u(t) * u(t) = | и(т)ат. (2.154) 


Since u(t) equals 0 for т < 0 and equals 1 for > 0, it follows that 
u_7(t) = tu(t). (2.155) 


This signal, which is referred to as the unit ramp function, is shown in Figure 2.37. Also, 
we can obtain an operational definition for the behavior of и. (1) under convolution from 
eqs. (2.153) and (2.154): 


X(t) * u-5(t) = x(t) * u(t) * u(t) 


t 
(Г. x(a) ua) u(t) (2.156) 


- | [И ste) dear. 


In an analogous fashion, we can define higher order integrals of 5(t) as the impulse 
responses of cascades of integrators: 


u_,(t) = u(t) *::-* u(t) = [. и-(к-1)(т)4т. (2.157) 


k times 


The convolution of x(t) with u_3(t), u_4(t),... generate correspondingly higher order 
integrals of x(t). Also, note that the integrals in eq. (2.157) can be evaluated directly (see 


и_2 (t) 


Slope = 1 


t Figure 2.37 Unit ramp function. 
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Problem 2.73), as was done in eq. (2.155), to obtain 


- к-1 


i ali) = acum. (2.158) 


Thus, unlike the derivatives of 5(t), the successive integrals of the unit impulse are func- 
tions that can be defined for each value of t [eq. (2.158)], as well as by their behavior under 
convolution. 

At times it will be worthwhile to use an alternative notation for 5(t) and u(t), namely, 


ó(t) = ug(t), (2.159) 
u(t) = и_1(0). (2.160) 


With this notation, u,(t) for k > 0 denotes the impulse response of a cascade of k differ- 
entiators, uo(t) is the impulse response of the identity system, and, for k < 0, ug(t) is the 
impulse response of a cascade of |k| integrators. Furthermore, since a differentiator is the 
inverse system of an integrator, 


u(t) * u(t) = ó(t), 
or, in our alternative notation, 
uj, (f) * u(t) = uo(t). (2.161) 


More generally, from eqs. (2.148), (2.157), and (2.161), we see that for any integers k 
and r, 


u,(t) * u(t) = ик+,(1). (2.162) 


If k and r are both positive, eq. (2.162) states that a cascade of k differentiators followed by 
r more differentiators yields an output that is the (k + r)th derivative of the input. Similarly, 
if k is negative and r is negative, we have a cascade of |k| integrators followed by another 
|r| integrators. Also, if k is negative and г is positive, we have a cascade of |А integrators 
followed by r differentiators, and the overall system is equivalent to a cascade of |k + r| 
integrators if К+ < 0, a cascade of k + r differentiators if k+r > 0, or the identity system 
if k+r = 0. Therefore, by defining singularity functions in terms of their behavior under 
convolution, we obtain a characterization that allows us to manipulate them with relative 
ease and to interpret them directly in terms of their significance for LTI systems. Since 
this is our primary concern in the book, the operational definition for singularity functions 
that we have given in this section will suffice for our purposes. 


6 Аѕ mentioned in Chapter 1, singularity functions have been heavily studied in the field of mathematics 
under the alternative names of generalized functions and distribution theory. The approach we have taken in 
this section is actually closely allied in spirit with the rigorous approach taken in the references given in footnote 
3 of Section 1.4. 
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2.6 SUMMARY 


In this chapter, we have developed important representations for LTI systems, both in dis- 
crete time and in continuous time. In discrete time we derived a representation of signals 
as weighted sums of shifted unit impulses, and we then used this to derive the convolution- 
sum representation for the response of a discrete-fime LTI system. In continuous time we 
derived an analogous representation of continuous-time signals as weighted integrals of 
shifted unit impulses, and we used this to derive the convolution integral representation 
for continuous-time LTI systems. These representations are extremely important, as they 
allow us to compute the response of an LTI system to an arbitrary input in terms of the sys- 
tem's response to a unit impulse. Moreover, in Section 2.3 the convolution sum and integral 
provided us with a means of analyzing the properties of LTI systems and, in particular, of 
relating LTI system properties, including causality and stability, to corresponding proper- 
ties of the unit impulse response. Also, in Section 2.5 we developed an interpretation of 
the continuous-time unit impulse and other related singularity functions in terms of their 
behavior under convolution. This interpretation is particularly useful in the analysis of LTI 
systems. 

An important class of continuous-time systems consists of those described by linear 
constant-coefficient differential equations. Similarly, in discrete time, linear constant- 
coefficient difference equations play an equally important role. In Section 2.4, we exam- 
ined simple examples of differential and difference equations and discussed some of the 
properties of systems described by these types of equations. In particular, systems de- 
scribed by linear constant-coefficient differential and difference equations together with 
the condition of initial rest are causal and LTI. In subsequent chapters, we will develop 
additional tools that greatly facilitate our ability to analyze such systems. 


Chapter 2 Problems 


The first section of problems belongs to the basic category, and the answers are pro- 
vided in the back of the book. The remaining three sections contain problems belonging 
to the basic, advanced, and extension categories, respectively. 

Extension problems introduce applications, concepts, or methods beyond those pre- 
sented in the text. 


BASIC PROBLEMS W/ITH ANSW/ERS 


2.1. Let 
x[n] = 6[n] + 26[n — 1] —6[n—3] and hin] = 26[n + 1] + 26[n — 1]. 


Compute and plot each of the following convolutions: 
(a) yi[n] = x[n] * Мп] (b) yo[n] = x[n + 2] * Ап] 
(c) уз[л] = x[n] * Ап + 2] 
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2.2. Consider the signal 
1 п—1 
h[n] = G) {и[п + 3] — u[n — 10]}. 


Express A and B in terms of n so that the following equation holds: 


h[n — k) = | (207471, AsksB 
0, elsewhere ` 


2.3. Consider an input x[n] and a unit impulse response h[n] given by 


1\7? 
x[n] = G) uin — 2], 
Ап] = u[n + 2]. 
Determine and plot the output y[n] = x[n] * h[n]. 
2.4. Compute and plot y[n] = x[n] * h[n], where 


"TM L 3nszs8 
0, otherwise ' 
_ [1 4sn815 
hin] = | 0, otherwise 
2.5. Let 
fL O0sasd -} 1 OSn=N 


where N = 9 is ап integer. Determine the value of N, given that y[n] = x[n] * h[n] 
and 


»y[4] = 5, у[14] = 0. 


2.6. Compute and plot the convolution y[n] = x[n] * h[n], where 


-=R 
x[n] = G) u[-n —1] and h[n] = u[n — 1]. 
2.7. A linear system S has the relationship 


© 


yin] = >` x[k]g[n – 2k] 


к= —–о 


between its input x[n] and its output y[n], where g[n] = u[n] — u[n — 4]. 
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(a) Determine y[n] when x[n] = ó[n — 1]. 
(b) Determine y[n] when x[n] = 5[n — 2]. 
(c) Is S LTI? 
(d) Determine y[n] when x[n] = u[n]. 
2.8. Determine and sketch the convolution of the following two signals: 


ї+1, Ozrzl 
at)e42-—t1 LEES, 
0, elsewhere 
A(t) = (+ 2) + 26(t + 1). 
2.9. Let 
h(t) = e"u(—t + 4) + е u(t — 5). 
Determine A and B such that 


gU <A 
h(t — 7) = 4 0, А<т<В. 
eu В<т 


2.10. Suppose that 


Jh 05151 
dnm h elsewhere 


and A(t) = x(t/a), where 0 € a = 1. 
(a) Determine and sketch y(t) = x(t) * A(t). 
(b) If d y(t)/dt contains only three discontinuities, what is the value of a? 


2.11. Let 
x(t) = u(t 3) – u(t — 5) and A(t) = e*u(t). 
(a) Compute y(t) = x(t) * A(t). 


(b) Compute g(t) = (dx(t)/dt) * h(t). 
(c) How is g(t) related to y(t)? 


2.12. Let 


y(t) = eult)» D` à(t – 3k). 


= —0 


Show that y(t) = Ae‘ for O = t < 3, and determine the value of A. 
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2.13. 


2.14. 


2.15. 


2.16. 


2.17. 


‚2.18. 


2.19. 
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Consider a discrete-time system Sı with impulse response 


h[n] = (s) u[n]. 


(a) Find the integer A such that A[n] — Ah[n — 1] = ó[n]. 

(b) Using the result from part (a), determine the impulse response g[n] of an LTI 
system Sj which is the inverse system of 5. 

Which of the following impulse responses correspond(s) to stable LTI systems? 

(a) hit) = e 07?P'u(r)— (b) h(t) = e™ cosQDu(r) 

Which of the following impulse responses correspond(s) to stable LTI systems? 

(a) hi[n] = ncos(2n)u[n] (b) Һ[л] = 3"u[—n + 10] 

For each of the following statements, determine whether it is true or false: 

(a) If x[n] = 0 for n < № and А[л] = О for n < №, then x[n] * h[n] = 0 for 
n « Ni +N. 

(b) If y[n] = x[n] * h[n], then y[n — 1] = x[n — 1] * A[n — 1]. 

(c) If y(t) = x(t) * h(t), then y(—f) = x(—1) * h(-t). 

(d) If x(t) = 0 for t > T, and A(t) = О for t > Т, then x(t) * A(t) = 0 for t > 
Тү + Тә. . 

Consider an LTI system whose input x(t) and output y(t) are related by the differ- 

ential equation 


dy) + 4y(t) = 0 (P2.17-1) 


The system also satisfies the condition of initial rest. 

(a) If x(t) = eC! *3P'u(t), what is y(t)? 

(b) Note that Re{x(r)} will satisfy eq. (P2.17—1) with Re{y(t)}. Determine the out- 
put y(t) of the LTI system if 


x(t) = е ' cos(3t)u(t). 


Consider a causal LTI system whose input x[n] and output у[л] are related by the 
difference equation 


yin) = уул — 1] + л} 


Determine y[n] if x[n] = ó[n — 1]. 
Consider the cascade of the following two systems $ and 52, as depicted in Figure 


P2.19: 
Figure P2.19 
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Sı : causal LTI, 

w[n] = умі = 11+ xnl 
Sə : causal LTI, 

y[n] = ay[n — 1] + 8w[n]. 


The difference equation relating x[n] and у[л] is: 
1 3 
у[п] = ~ $017 |+ p” = 1] + x[n]. 


(a) Determine a and f. 
(b) Show the impulse response of the cascade connection of Sı and 52. 


2.20. Evaluate the following integrals: 
(a) [> uo(t) cos(t) dt 
(b) fo sin(2mr) (t + 3) dt 
(c) I5. uy(1 — т)со5(2тт)ат 


BASIC PROBLEMS 


2.21. Compute the convolution y[n] = x[n] * h[n] of the following pairs of signals: 


h[n] = B"u[n], 
(b) x[n] = A[n] = «"и[п] 
(с) x[n] = C7 3)"u[n — 4] 
п] = 4"u[2 — n] 
(d) x[n] and Л[л] are as in Figure P2.21. 


(a) x[n] = Peri а + В 


х[п] h[n] 


-1012345 n 01234567 8 91011 121314 15 16 n 


Figure P2.21 


2.22. For each of the following pairs of waveforms, use the convolution integral to find the 
response y(t) of the LTI system with impulse response A(t) to the input x(t). Sketch 
your results. 


x(t) = e "'u(t) : _ 
(а) hit) = ret (Do this both when a # B and when a = f.) 
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(b) x(t) = u(t) — 2u(t — 2) + u(t — 5) 
h(t) = e*u(1 — t) 

(c) x(t) and A(t) are as in Figure P2.22(a). 

(d) x(t) and A(t) are as in Figure P2.22(b). 

(e) x(t) and A(t) are as in Figure P2.22(c). 


x(t) h(t) 





x(t) h(t) 





(c) 


Figure P2.22 


2.23. Let h(t) be the triangular pulse shown in Figure P2.23(a), and let x(t) be the impulse 
train depicted in Figure P2.23(b). That is, 


x(t) = >) 8@- kT). 
Д=—® 


Determine and sketch y(t) = x(t) * h(t) for the following values of T: 
(a) T=4 (b) T=2 () T=3/22 @T=1 


Chapter 2 Linear Time-Invariant Systems 143 


h(t) 


(b) Figure P2.23 


2.24. Consider the cascade interconnection of three causal LTI systems, illustrated in Fig- 
ure P2.24(a). The impulse response hz[n] is 


h2[n] = u[n] — ціп — 2], 


and the overall impulse response is as shown in Figure P2.24(b). 


(a) 





-101234567 n 


(b) Figure P2.24 


(a) Find the impulse response л; [n]. 
(b) Find the response of the overall system to the input 


x[n] = [п] — 6[n — 1]. 
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2.25. Let the signal 
у[п] = x[n] * h[n], 


where 
x[n] = 3"u[-n — 1] + (8) u[n] 
and 
h[n] = (8) u[n + 3]. 


(a) Determine y[n] without utilizing the distributive property of convolution. 
(b) Determine y[n] utilizing the distributive property of convolution. 


2.26. Consider the evaluation of 
у[п] = xiln] * x2[n] * x3[n], 
where xi[n] = (0.5)"u[n], xo[n] = u[n + 3], and x3[n] = ó[n] — ó[n — 1]. 
(a) Evaluate the convolution x; [n] * x2[n]. 
(b) Convolve the result of part (a) with x3[n] in order to evaluate y[n]. 
(c) Evaluate the convolution x»?[n] * x3[n]. 


(d) Convolve the result of part (c) with x [n] in order to evaluate у[л]. 
2.27. We define the area under a continuous-time signal v(f) as 


+% 
Ay = | v(t) dt. 


Show that if y(t) = x(t) * h(t), then 
Ay = А,Аһ. 


2.28. The following are the impulse responses of discrete-time LTI systems. Determine 
whether each system is causal and/or stable. Justify your answers. 
(a) An] = G"u[n] 
(b) Аи] = (0.8)"u[n + 2] 
(с) h[n] = (1)"и[–п] 
(d) [л] = (5)"u[3 – n] 
(e) h[n] = (= iun] + (1.01)"u[n — 1] 
(f) hin] = (- 3"u[n] + (1.01)"u[1 — n] 
(в) hin] = n(4y"uln – 1] 
2.29. The following are the impulse responses of continuous-time LTI systems. Determine 
whether each system is causal and/or stable. Justify your answers. 
(a) A(t) = e “u(t —2) 
(b) A(t) = e S'u(3 — t) 
(c) h(t) = e^?'u(r + 50) 
(d) A(t) = e"u(—1 — t) 


2.30. 


2.31. 


2.32. 
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(е) h(t) = e-9 

(f) A(t) = te 'u(t) 

(в) h(t) = (2е7' — et 100/100), (5 
Consider the first-order difference equation 


y[n] + 2y[n — 1] = x[n]. 


Assuming the condition of initial rest (i.e., if x[n] = О for n < no, then y[n] = 0 for 
n < по), find the impulse response of a system whose input and output are related by 
this difference equation. You may solve the problem by rearranging the difference 
equation so as to express y[n] in terms of y[n — 1] and x[n] and generating the values 
of y[0], y[+1], y[+2], ... in that order. 


Consider the LTI system initially at rest and described by the difference equation 
y[n] + 2y[n — 1] = x[n] + 2x[n — 2]. 


Find the response of this system to the input depicted in Figure P2.31 by solving the 
difference equation recursively. 


x[n] 
3 
2 2 
1 1 
-2-101234 n Figure P2.31 
Consider the difference equation 
1 
yin] — 5yIn – 1] = x[n], (P2.32-1) 
and suppose that 
x[n] = 5) и[п]. (P2.32-2) 


Assume that the solution y[n] consists of the sum of a particular solution y,[n] to 
eq. (P2.32-1) and a homogeneous solution y,[n] satisfying the equation 


1 
yaln] — >Yaln — = 0. 
(a) Verify that the homogeneous solution is given by 


эмт] = (5) 


(b) Let us consider obtaining a particular solution y,[n] such that 


yr зыл - 11 = (5) л} 
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By assuming that у„[п] is of the form В(1)" for n > 0, and substituting this in 
the above difference equation, determine the value of B. 

(c) Suppose that the LTI system described by eq. (Р2.32—1) and initially at rest has 
as its input the signal specified by eq. (P2.32-2). Since x[n] = 0 for n < 0, we 
have that y[n] = 0 for n « 0. Also, from parts (a) and (b) we have that у[л] 


has the form 
гү 1Y 
vil = ala) +2) 


forn = 0). In order to solve for the unknown constant A, we must specify a value 
for y[n] for some п = 0. Use the condition of initial rest and eqs. (P2.32-1) 
and (P2.32—2) to determine y[0]. From this value determine the constant A. The 
result of this calculation yields the solution to the difference equation (P2.32-1) 
under the condition of initial rest, when the input is given by eq. (P2.32-2). 


2.33. Consider a system whose input x(t) and output у(г) satisfy the first-order differential 
equation 
zo + 2y(t) = x(t). (P2.33-1) 
The system also satisfies the condition of initial rest. 
(a) (i) Determine the system output y;(r) when the input is xi(t) = e* u(t). 
(ii) Determine the system output y(t) when the input is x(t) = e?'u(t). 
(iii) Determine the system output y3(t) when the input is x3(t) = oeu(r) + 
Be? u(t), where а and В are real numbers. Show that y3(t) = ay,(t) + 


By2(t). 
(iv) Now let x(t) and x2(t) be arbitrary signals such that 


x,(t) = 0, fort < ti, 
x(t) = 0, for t < fp. 


Letting y; (f) be the system output for input x) (1), y2(t) be the system output 
for input x2(t), and y3(t) be the system output for x3(t) = ax)(t)+ Bx2(t), 
show that 


y3(t) = ayy(t) + B y(t). 


We may therefore conclude that the system under consideration is linear. 
(b) (i) Determine the system output y; (f) when the input is x; (t) = Ke”u(t). 
(ii) Determine the system output y(t) when the input is x(t) = Ke?'-D 
u(t — T). Show that y2(t) = y(t — T). 
(11) Now let ху (7) be an arbitrary signal such that x;(f) = 0 for t < fo. Letting 
yi(t) be the system output for input x;(¢) and y2(t) be the system output 
for x(t) = xi(t — T), show that 


yxt) = yt — T). 


2.34. 


2.35. 


2.36. 
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We may therefore conclude that the system under consideration is time 
invariant. In conjunction with the result derived in part (a), we conclude 
that the given system is LTI. Since this system satisfies the condition of 
initial rest, it is causal as well. 


The initial rest assumption corresponds to a zero-valued auxiliary condition being 

imposed at a time determined in accordance with the input signal. In this problem 

we show that if the auxiliary condition used is nonzero or if it is always applied at a 

fixed time (regardless of the input signal) the corresponding system cannot be LTI. 

Consider a system whose input x(t) and output y(t) satisfy the first-order differential 

equation (P2.33-1). 

(a) Given the auxiliary condition y(1) = 1, use a counterexample to show that the 
system is not linear. 

(b) Given the auxiliary condition y(1) — 1, use a counterexample to show that the 
system is not time invariant. 

(c) Given the auxiliary condition y(1) — 1, show that the system is incrementally 
linear. 

(d) Given the auxiliary condition y(1) = 0, show that the system is linear but not 
time invariant. 

(e) Given the auxiliary condition y(0) + y(4) = 0, show that the system is linear 
but not time invariant. 


In the previous problem we saw that application of an auxiliary condition at a fixed 
time (regardless of the input signal) leads to the corresponding system being not 
time-invariant. In this problem, we explore the effect of fixed auxiliary conditions on 
the causality of a system. Consider a system whose input x(t) and output y(t) satisfy 
the first-order differential equation (P2.33-1). Assume that the auxiliary condition 
associated with the differential equation is y(0) — 0. Determine the output of the 
system for each of the following two inputs: 

(a) xi(t) = 0, forall t 


(b) х= ib age 


Observe that if y,(t) is the output for input x,(t) and у› (7) is the output for input 
X(t), then y, (t) and y»(t) are not identical for t < —1, even though x(t) and x(t) 
are identical fort < —1. Use this observation as the basis of an argument to conclude 
that the given system is not causal. 


Consider a discrete-time system whose input x[n] and output y[n] are related by 
1 
y[n] = (5 pte = 1) + x[n]. 


(a) Show that if this system satisfies the condition of initial rest (i.e., if x[n] = 0 
for n < no, then y[n] = 0 for n < no), then it is linear and time invariant. 

(b) Show that if this system does not satisfy the condition of initial rest, but instead 
uses the auxiliary condition y[0] = 0, it is not causal. [Hint: Use an approach 
similar to that used in Problem 2.35.] 
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2.37. Consider a system whose input and output are related by the first-order differential 
equation (P2.33-1). Assume that the system satisfies the condition of final rest [i. e., 
if x(t) = О for t > to, then y(t) = 0 for t > to]. Show that this system is not causal. 
[Hint: Consider two inputs to the system, x(t) = O and x2(t) = e'(u(t) — u(t — 1)), 
which result in outputs у (2) and y2(t), respectively. Then show that у (7) # y2(t) 
for t < 0.] 


2.38. Draw block diagram representations for causal LTI systems described by the fol- 
lowing difference equations: 
(a) y[n] = yin — 1] + 5х1] 
(b) yin] = iy[n — 1] + x[n — 1] 

2.39. Draw block diagram representations for causal LTI systems described by the fol- 
lowing differential equations: 
(a) y(t) = -G)dy(tydt + 4х(ї) 
(b) dy(rydt + 3y(t) = x(t) 


ADVANCED PROBLEMS 


2.40. (a) Consider an LTI system with input and output related through the equation 
1 
yt) = | e P (т — 2) dr. 


What is the impulse response A(t) for this system? 
(b) Determine the response of the system when the input x(t) is as shown in Figure 
P2.40. 


x(t) 


24 2 t Figure P2.40 
2.41. Consider the signal 
x[n] = a"u[n]. 


(a) Sketch the signal g[n] = x[n] — ax[n — 1]. 
(b) Use the result of part (a) in conjunction with properties of convolution in order 
to determine a sequence A[n] such that 


x[n] * h[n] = (G) {u[n + 2] — u[n — 2]). 


2.42. Suppose that the signal 
x(t) = u(t + 0.5) — u(t — 0.5) 
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is convolved with the signal 
h(t) = е)". 


(a) Determine a value of wo which ensures that 
y(0) = 0, 

where y(t) = x(t) * h(t). 
(b) Is your answer to the previous part unique? 


2.43. One of the important properties of convolution, in both continuous and discrete time, 
is the associativity property. In this problem, we will check and illustrate this prop- 
erty. 

(a) Prove the equality 


[x(t) * A(t)] * g(t) = x(t) * [Л(1) * gn] (P2.43-1) 
by showing that both sides of eq. (P2.43-1) equal 
+00 +œ 
| | x(r)h(a)g(t — т — с) атас. 


(b) Consider two LTI systems with the unit sample responses А [п] and h2[n] 
shown in Figure P2.43(a). These two systems are cascaded as shown in Figure 
P2.43(b). Let x[n] = u[n]. 


1 hin] = C3 utn] 





тп] = и[п] + 5 u[n— 1] 





win] 
01234 ш 74 yin] 


(а) (b) 


Figure P2.43 
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(i) Compute y[z] by first computing w[n] = x[n] *h,[n] and then computing 
у[п] = w[n] * A;[n]; that is, [n] = [x[n] * hi[n]] * № [и]. 

(ii) Now find y[n] by first convolving А [л] and A;[n] to obtain g[n] = 
hi[n] * Ao[n] and then convolving x[n] with g[n] to obtain y[n] = 
x[n] * [hi [n] * [м]. 

The answers to (1) and (ii) should be identical, illustrating the associativity prop- 

erty of discrete-time convolution. 

(c) Consider the cascade of two LTI systems as in Figure P2.43(b), where in this 
case 


һ\[п] = sin8n 
and 

ho[n] = a"u[n] |a| <1, 
and where the input is 

x[n] = 8[n] — ad[n — 1]. 


Determine the output y[n]. (Hint: The use of the associative and commutative 
properties of convolution should greatly facilitate the solution.) 


2.44. (a) If 
x(t) = 0, || > Т, 
and 
h(t) = 0, || > Т», 
then 


x(t) * h(t) = 0, |t| > Т» 


for some positive number Тз. Express Тз in terms of T, and 7>. 

(b) A discrete-time LTI system has input x[n], impulse response [п], and output 
y[n]. If h[n] is known to be zero everywhere outside the interval No = n = 
N; and x[n] is known to be zero everywhere outside the interval № = n = 
N3, then the output у[л] is constrained to be zero everywhere, except on some 
interval N4 < n < Ns. 

(i) Determine № and Ns in terms of No, Ni, №, and N3. 

(ii) Ifthe interval No = n = N; is of length M}, № = n = N; is of length 
Му, and N4 = n = Ns is of length My, express M, in terms of Mp 
and M,. 

(с) Consider a discrete-time LTI system with the property that if the input х[л] = 0 
for all n = 10, then the output y[n] = 0 for all n = 15. What condition must 
h[n], the impulse response of the system, satisfy for this to be true? 

(d) Consider an LTI system with impulse response in Figure P2.44. Over what in- 
terval must we know x(t) in order to determine y(0)? 
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h(t) 


-2 -1 6 t Figure P2.44 


2.45. (a) Show that if the response of an LTI system to х(ї) is the output y(?), then the 
response of the system to 


= dx(t) 


x) dt 





is y'(t). Do this problem in three different ways: 
(i) Directly from the properties of linearity and time invariance and the fact 
that 


pij = tin A 


(ii) By differentiating the convolution integral. 
(iii) By examining the system in Figure P2.45. 


Figure P2.45 


(b) Demonstrate the validity of the following relationships: 
(i) y'@ = x(t) ж A'(0) 
Gi) y(t) = (xT) ат) * h(t) = [ „[х'(т)* Мт)]ат = x'() (['„(т)ат) 
[Hint: These are easily done using block diagrams as in (iii) of part (a) and the 
fact that u(t) * u_\(t) = б(1).] 

(c) An LTI system has the response y(t) = sinwof to input x(t) = e~*u(t). Use 
the result of part (a) to aid in determining the impulse response of this system. 

(d) Let s(t) be the unit step response of a continuous-time LTI system. Use part (b) 
to deduce that the response y(t) to the input x(r) is 


y(t) = | x'(T)s(t — т)ат. (P2.45-1) 


— 00 


Show also that 


x(t) = | А x'(r)u(t — T) d. (P2.45-2) 


—© 
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(e) Use eq. (P2.45-1) to determine the response of an LTI system with step response 
s(t) = (e? — 2e? + 1)u(t) 
to the input x(t) = e'u(t). 


(f) Let s[n] be the unit step response of a discrete-time LTI system. What are the 
discrete-time counterparts of eqs. (P2.45-1) and (P2.45-2)? 


2.46. Consider an LTI system S and a signal x(t) = 2e ?'u(t — 1). If 


2.47. 


x(t) — y(t) 
and 


= — —3y(t) + e u(t), 


determine the impulse response h(t) of 5. 


We are given a certain linear time-invariant system with impulse response Ao(t). We 
are told that when the input is x(t) the output is yo(t), which is sketched in Figure 
P2.47. We are then given the following set of inputs to linear time-invariant systems 
with the indicated impulse responses: 


Input x(t) Impulse response h(t) 
(a) x(t) = 2xo(t) h(t) = ho(t) 
(b) x(t) = xolt) — xolt — 2) h(t) = holt) 
(с) x(t) = xo(t — 2) h(t) = holt + 1) 
(d) x(t) = xo(-1) h(t) = ho(t) 
(e) x(t) = xo(-1) h(t) = ho(—t) 
(f) x(t) = x(t) h(t) = ho(t) 


[Here x(t) and h(t) denote the first derivatives of xo(r) and ho(t), respectively. ] 


yo(t) 





0 2 t Figure P2.47 


In each of these cases, determine whether or not we have enough information 
to determine the output y(t) when the input is x(t) and the system has impulse re- 
sponse h(t). If it is possible to determine y(t), provide an accurate sketch of it with 
numerical values clearly indicated on the graph. 


2.48. 


2.49. 
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Determine whether each of the following statements concerning LTI systems is true 

or false. Justify your answers. 

(a) If h(t) is the impulse response of an LTI system and A(t) is periodic and nonzero, 
the system is unstable. 

(b) The inverse of a causal LTI system is always causal. 

(c) If |h[n]| = K for each n, where K is a given number, then the LTI system with 
h[n] as its impulse response is stable. 

(d) If a discrete-time LTI system has an impulse response h[n] of finite duration, 
the system is stable. 

(e) If an LTI system is causal, it is stable. 

(f) The cascade of a noncausal LTI system with a causal one is necessarily non- 
causal. 

(g) A continuous-time LTI system is stable if and only if its step response s(t) is 
absolutely integrable—that is, if and only if 


+œ 
| |s(t)| dt < o. 


(h) A discrete-time LTI system is causal if and only if its step response s[n] is zero 
for n « 0. 


In the text, we showed that if h[n] is absolutely summable, i.e., if 


+00 


> |н < «=, 


К=—® 


then the LTI system with impulse response h[n] is stable. This means that absolute 
summability is a sufficient condition for stability. In this problem, we shall show 
that it is also a necessary condition. Consider an LTI system with impulse response 
h[n] that is not absolutely summable; that is, 


У МА = =. 


= —%0 


(a) Suppose that the input to this system is 


0, if A[-n] = 0 
an = re if h[-n] #0: 


Does this input signal represent a bounded input? If so, what is the smallest 
number B such that 


Ix[n]| = B for all n? 
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(b) Calculate the output at л = O for this particular choice of input. Does the re- 
sult prove the contention that absolute summability is a necessary condition for 
stability? 

(c) In a similar fashion, show that a continuous-time LTI system is stable if and 
only if its impulse response is absolutely integrable. 


Consider the cascade of two systems shown in Figure P2.50. The first system, A, is 
known to be LTI. The second system, B, is known to be the inverse of system A. Let 
yı(t) denote the response of system A to x,(f), and let y2(t) denote the response of 
system A to x2(f). 


LTI (t 
x(t) System m x(t) 
A Figure P2.50 


2.51. 


(a) What is the response of system B to the input ау! (г) + by2(t), where a and b are 
constants? 

(b) What is the response of system B to the input y,(t — т)? 

In the text, we saw that the overall input-output relationship of the cascade of two 

LTI systems does not depend on the order in which they are cascaded. This fact, 

known as the commutativity property, depends on both the linearity and the time 

invariance of both systems. In this problem, we illustrate the point. 

(a) Consider two discrete-time systems A and B, where system A is an LTI system 
with unit sample response h[n] = (1/2)"u[n]. System B, on the other hand, is 
linear but time varying. Specifically, if the input to system B is w[n], its output 
is 


z[n] = nw[n]. 


Show that the commutativity property does not hold for these two systems 
by computing the impulse responses of the cascade combinations in Figures 
P2.51(a) and P2.51(b), respectively. 


€ in s A 
A B B A 


(а) (b) 


Figure P2.51 


(b) Suppose that we replace system B in each of the interconnected systems of 
Figure P2.51 by the system with the following relationship between its input 
w[n] and output z[7]: 


z[n] = w[n] + 2. 


Repeat the calculations of part (a) in this case. 
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2.52. Consider a discrete-time LTI system with unit sample response 
hin] = (n + 1)a"u[n], 


where |а| < 1. Show that the step response of this system is 


s[n] = | 


a n a n 
(a iy ту — (a 10 = p + u- = pu + 1)а jum. 


(Hint: Note that 
N p gw, 
20 б=т 2.6 ) 
2.53. (a) Consider the homogeneous differential equation 


N k 
ау() _ 
23а Ti =0 (P2.53-1) 





Show that if so is a solution of the equation 


N 
p(s) = Уа" = 0, (P2.53-2) 
k=0 


then Ae is a solution of eq. (P2.53~1), where A is an arbitrary complex con- 


stant. 
(b) The polynomial p(s) in eq. (P2.53—2) can be factored in terms of its roots 
$],..., 5$, aS 


p(s) = an(s — s)" (s — $2?* ... (s — s)”, 


where the s; are the distinct solutions of eq. (P2.53—2) and the c; are their 
multiplicities—that is, the number of times each root appears as a solution of 
the equation. Note that 


ср+0 +... +оо, = М. 


In general, if v; > 1, then not only is Ae*' a solution of eq. (P2.53-1), 
but so is At/e*!, as long as j is an integer greater than or equal to zero and less 
than or equal to с; — 1. To illustrate this, show that if o; = 2, then Аге"! isa 
solution of eq. (P2.53-1). [Hint: Show that if s is an arbitrary complex number, 
then 


N, d*(Atest) 


A = Ар(ге" + А220) е".] 


k=0 
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Thus, the most general solution of eq. (P2.53-1) is 


r gpi 


273 ape, 


i=l j= 
where the Aj; are arbitrary complex constants. 
(c) Solve the following homogeneous differential equations with the specified aux- 
iliary conditions: 
(i) BP +300  2y()) = 0, yO) = 0, y0) = 2 
(ii) én +320 + 2y(t) = 0, у(0) = 1, у'(0) = -1 
(iii) BE +322 + 2y) = 0, yO) = 0, y0) =0 
(iv) GE 2220 + fan = 0, X) = 1, y) = 1 
(v) 220 + £x0 — 40 — yay = 0, убу = 1, y) =1, у") = - 
(vi) £20 4 24X0 + в = 0, у(0) = 1, у'(0) = 1 
2.54. (a) Consider the homogeneous difference equation 
N 
S awin — k] = 0, (P2.54-1) 
k-0 


Show that if zp is a solution of the equation 
N 
Уаш“ = 0, (P2.54-2) 


then Ад) is a solution of eq. (P2.54—1), where A is an arbitrary constant. 

(b) As it is more convenient for the moment to work with polynomials that have 
only nonnegative powers of z, consider the equation obtained by multiplying 
both sides of eq. (P2.54—2) by г“: 


N 
ро) = У az" * = 0. (P2.54-3) 
k=0 


The polynomial p(z) can be factored as 
PE) = ac(z — à)" ...e— 2)", 


where the z;, ..., 2, are the distinct roots of р(х). 
Show that if y[n] = nz" !, then 
N 
dp(z) j sc 
Sayin — К] = о ), N + (n — N)p(zz" ^. 


Use this fact to show that if c; = 2, then both Az? and Вп"! are solutions of 
eq. (P2.54-1), where A and B are arbitrary complex constants. More generally, 
one can use this same procedure to show that if o; > 1, then 
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п! Р" 
4 ri(n—r)! < 
is a solution of eq. (P2.54-1) for r = 0, 1,...,0; — 1.' 
(c) Solve the following homogeneous difference equations with the specified aux- 
iliary conditions: 
(i) yin] + 2y[n — 1) + 1у[1— 2] = 0; у[0] = 1, у[—1] = —6 
Gi) Ил] — 2y[n — 1] + »[n — 2] = 0; у[0] = 1, у[1] = 0 
Gii) y[n] — 2y[n — 1] + y[n — 2] = 0; у[0] = 1, y[10] = 21 
(iv) y(n} — yin — 1] + 1y[n — 2] = 0; у[0] = 0, у[—1] = 1 
2.55. Inthe text we described one method for solving linear constant-coefficient difference 
equations, and another method for doing this was illustrated in Problem 2.30. If the 
assumption of initial rest is made so that the system described by the difference 
equation is LTI and causal, then, in principle, we can determine the unit impulse 
response h[n] using either of these procedures. In Chapter 5, we describe another 
method that allows us to determine h[n] in a more elegant way. In this problem we 
describe yet another approach, which basically shows that h[n] can be determined 
by solving the homogeneous equation with appropriate initial conditions. 
(a) Consider the system initially at rest and described by the equation 


yin] — syn - 1] = x[n]. (P2.55-1) 


Assuming that x[n] = ó[n], what is y[0]? What equation does h[n] satisfy 
for n = 1, and with what auxiliary condition? Solve this equation to obtain 
a closed-form expression for h[n]. 

(b) Consider next the LTI system initially at rest and described by the difference 
equation 


y[n] — yin — 1] = x[n] + 2x[n — 1]. (P2.55-2) 


This system is depicted in Figure P2.55(a) as a cascade of two LTI systems that 
are initially at rest. Because of the properties of LTI systems, we can reverse 
the order of the systems in the cascade to obtain an alternative representation 
of the same overall system, as illustrated in Figure P2.55(b). From this fact, 
use the result of part (a) to determine the impulse response for the system de- 
scribed by eq. (P2.55-2). 

(c) Consider again the system of part (a), with h[n] denoting its impulse response. 
Show, by verifying that eq. (P2.55-3) satisfies the difference equation (Р2.55— 
1), that the response у[л] to an arbitrary input x[n] is in fact given by the con- 
volution sum 


у[п] = = Ап — m]x[m]. (P2.55-3) 


т=-—©® 


"Here, we are using factorial notation—thatis, k! = k(k — 1)(k — 2)...(2)(1), where 0! is defined to be 1. 
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zin] 4 
x[n] zin] = x(n] + 2x[n- 1] yin] – zyin-1] = zin] yin] 


(a) 
1 w[n] 
x[n] w[n] — 2 w[n—1] = x(n] y[n] = w[n] + 2w[n—- 1] y[n] 
(b) 
Figure P2.55 
(d) Consider the LTI system initially at rest and described by the difference equa- 
tion 
N 
ayin — К] = x[n]. (P2.55-4) 
k=0 


Assuming that ap # 0, what is y[0] if x[n] = 5[n]? Using this result, specify 
the homogeneous equation and initial conditions that the impulse response of 
the system must satisfy. 

Consider next the causal LTI system described by the difference equation 


N M 
S ayin- k] = S bix[n — К]. (P2.55-5) 
k=0 k=0 


Express the impulse response of this system in terms of that for the LTI system 
described by eq. (P2.55—4). 

(e) There is an alternative method for determining the impulse response of the LTI 
system described by eq. (P2.55—5). Specifically, given the condition of initial 
rest, i.e., in this case, y[-N] = y[-N + 1] =... = y[-1] = 0, solve eq.- 
(P2.55—5) recursively when x[n] = 5[n] in order to determine y[0], ..., y[M]. 
What equation does h[n] satisfy for n > M? What are the appropriate initial 
conditions for this equation? 

(f) Using either of the methods outlined in parts (d) and (e), find the impulse re- 
sponses of the causal LTI systems described by the following equations: 

(i) yin] — y[n – 2] = x[n] 

(ii) y[n] — yin — 2] = x[n] + 2x[n — 1] 

(ш) y[n] — ул – 2] = 2x[n] — 3x[n — 4] 

(iv) yin] — (/3/2)y[n — 1] + 1»[n — 2] = x[n] 

In this problem, we consider a procedure that is the continuous-time counterpart of 

the technique developed in Problem 2.55. Again, we will see that the problem of 

determining the impulse response h(t) for t > 0 for an LTI system initially at rest 
and described by a linear constant-coefficient differential equation reduces to the 
problem of solving the homogeneous equation with appropriate initial conditions. 
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(a) Consider the LTI system initially at rest and described by the differential equa- 
tion 


20 + 2y(t) = x(t). (P2.56-1) 


Suppose that x(t) = ô(t). In order to determine the value of y(t) immediately 
after the application of the unit impulse, consider integrating eq. (P2.56-1) from 
t = 07 tot = 0* (ie., from "just before" to “just after" the application of the 
impulse), This yields 


ot 0* 
y(0*) - у(07) + 2f у(т)ат = | ó(r)dr = 1.  (P2.56-2) 
0- 0- 


Since the system is initially at rest and x(t) = 0 fort < 0, y(07) = 0. To satisfy 
eq. (P2.56—2) we must have y(0*) = 1. Thus, since x(t) = 0 for t > 0, the 
impulse response of our system is the solution of the homogeneous differential 
equation 


dy(t) 
dt 


+ 2y(t) = 0 
with initial condition 
y(0*) = I. 


Solve this differential equation to obtain the impulse response h(t) for the sys- 
tem. Check your result by showing that 


y(t) = » h(t — т)х(т)ат 


-%0 


satisfies eq. (Р2.56—1) for any input x(t). 
(b) To generalize the preceding argument, consider an LTI system initially at rest 
and described by the differential equation 





N k 
Sg NT (P2.56-3) 


with x(t) = 6(t). Assume the condition of initial rest, which, since x(t) = 0 for 
t < 0, implies that 


"A UEBER ee 
y(0 )- ae )=...= dw Q ) = 0. (Р2.56—4) 


Integrate both sides of eq. (Р2.56—3) once from t = 0^ to t = 0*, and use 
eq. (P2.56—4) and an argument similar to that used in part (a) to show that the 
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resulting equation is satisfied with 





+) = + = arty +) _ 
70") = 20 ) = san 007) 0 (Р2.56—5а) 
апа 
Girly 1 
"0 == (P2.56-5b) 


Consequently, the system's impulse response for t > 0 can be obtained by solv- 
ing the homogeneous equation 


N k 
EXT yt) _ 0 


k 
i dt 





with initial conditions given by eqs. (P2.56—5). 








(c) Consider now the causal LTI system described by the differential equation 
N k 
d“ y(t) d* x(t) 
EX TT 2x m x (P2.56-6) 


Express the impulse response of this system in terms of that for the system of 
part (b). (Hint: Examine Figure P2.56.) 


x(t) y(t) 





Figure P2.56 


(d) Apply the procedures outlined in parts (b) and (c) to find the impulse responses 
for the LTI systems initially at rest and described by the following differential 
equations: 


(i) 4299 + 320 + 2y(r) = x(r) 


(ii) fp 220 + 2y(t) = x(t) 

(e) Use the results of parts (b) and (c) to deduce that if M = N in eq. (P2.56—6), 
then the impulse response h(t) will contain singularity terms concentrated at 
t = 0. In particular, A(t) will contain a term of the form 


M-N 
> aut), 
r=0 


where the о, are constants and the u,(t) are the singularity functions defined in 
Section 2.5. 

(f) Find the impulse responses of the causal LTI systems described by the following 
differential equations: 


(i) 20 +2у(@) = 349 + x(t) 
(ii) Exp +520 + 6y(r = 200 4 240 + 4440 + 3x(t) 





2.57. 


2.58. 
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Consider a causal LTI system 5 whose input x[n] and output y[n] are related by the 
difference equation 


y[n] = —ay[n — 1] + box[n] + bix[n — 1]. 


(a) Verify that $ may be considered a cascade connection of two causal LTI systems 
Sı and Sz with the following input-output relationship: 


Sı : уи] = boxi[n] + bixi[n — 1], 
S2 : yin] = —ay2[n — 1] + [л]. 


(b) Draw a block diagram representation of $|. 

(c) Draw a block diagram representation of $5. 

(d) Draw a block diagram representation of S as a cascade connection of the block 
diagram representation of S; followed by the block diagram representation 
of $5 > 

(е) Draw a block diagram representation of S as a cascade connection of the block 
diagram representation of $› followed by the block diagram representation 
ofS 1: 

(f) Show that the two unit-delay elements іп the block diagram representation of 5 
obtained in part (e) may be collapsed into one unit-delay element. The result- 
ing block diagram is referred to as a Direct Form II realization of S, while the 
block diagrams obtained in parts (d) and (e) are referred to as Direct Form I 
realizations of S. 


Consider a causal LTI system S whose input x[n] and output у[л] are related by the 
difference equation 


2y[n] — y[n — 1] + y[n — 3] = x[n] — 5x[n — 4]. 


(a) Verify that $ may be considered a cascade connection of two causal LTI systems 
Sı and Sj with the following input-output relationship: 


Sı :2yi[n] = xi[n] = 5xi[n — 4], 
1 
Sp: yaln] = уэл — 1] - 59218 —3]+ xor 


(b) Draw a block diagram representation of 51. 

(c) Draw а block diagram representation of 52. 

(d) Draw a block diagram representation of $ as a cascade connection of the block 
diagram representation of Sı followed by the block diagram representation 
of $5. 

(e) Draw a block diagram representation of $ as a cascade connection of the block 
diagram representation of 55 followed by the block diagram representation 
of Si. 

(f) Show that the four delay elements in the block diagram representation of $ 
obtained in part (е) may be collapsed to three. The resulting block diagram 
is referred to as a Direct Form II realization of S, while the block diagrams 
obtained in parts (d) and (e) are referred to as Direct Form I realizations of S. 
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2.59. 


2.60. 


Consider a causal LTI system 5 whose input x(t) and output y(t) are related by the 
differential equation 


40K уй) = boxtt) + b, ZO, 





а 
(a) Show that 


t t 
y(t) = af у(т) ат + Bx(t) + c| х(т)ат, 


— 2% 


and express the constants А, B, and С in terms of the constants ag, aj, bo, 
and bi s 

(b) Show that $ may be considered a cascade connection of the following two causal 
LTI systems: 


t 
Sı : y(t) = Bxy(t) + c| х(т)ат, 
t 
$5 : y2(t) = af ya(T)dT + x2(t). 


(c) Draw a block diagram representation of 51. 

(d) Draw a block diagram representation of 52. 

(e) Draw a block diagram representation of S as a cascade connection of the block 
diagram representation of S; followed by the block diagram representation 
of $5 . 

(f) Draw a block diagram representation of $ as a cascade connection of the block 
diagram representation of $5 followed by the block diagram of representa- 
tion Sı. 

(g) Show that the two integrators in your answer to part (f) may be collapsed into 
one. The resulting block diagram is referred to as a Direct Form II realization 
of 5, while the block diagrams obtained in parts (e) and (f) are referred to as 
Direct Form I realizations of S. 

Consider a causal LTI system 5 whose input x(t) and output y(t) are related by the 

differential equation 


d^y(t) 
a Аар 


(a) Show that 


t ? T 
y(t) = A | у(т)ат + 2 (| еза) ат 


t 


dy(t) ai 


+ agy(t) = box(t) + bj —— thp EO x(t) 


dt ` 





+ Cx(t) + | 


x(T)dT + ef || ко) | ат 
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and express the constants A, B, C, D, and E in terms of the constants ao, aj, а, 
bo, bi, and bz. 

(b) Show that S may be considered a cascade connection of the following two causal 
LTI systems: 


Li t T 
Si: y(t) = Ca) + D| «dr + E| il sede ar, 


—©® 


1 


$5» : yx(t) = af 


— 20 


I T 
yo(t) dt + в| | nodo) ат + x(t). 


(c) Draw a block diagram representation of $|. 

(d) Draw a block diagram representation of 5. 

(e) Draw a block diagram representation of 5 as a cascade connection of the block 
diagram representation of Sı followed by the block diagram representation 
of $5. 

(f) Draw a block diagram representation of $ as a cascade connection of the block 
diagram representation of $5 followed by the block diagram representation 
of S| П 

(g) Show that the four integrators in your answer to part (f) may be collapsed into 
two. The resulting block diagram is referred to as a Direct Form П realization 
of S, while the block diagrams obtained in parts (e) and (f) are referred to as 
Direct Form I realizations of S. 


EXTENSION PROBLEMS 


2.61. (a) In the circuit shown in Figure P2.61(a), x(r) is the input voltage. The voltage 
y(t) across the capacitor is considered to be the system output. 


x(t) 


(a) Figure P2.61a 


(i) Determine the differential equation relating x(t) and y(t). 

(ii) Show that the homogeneous solution of the differential equation from part 
(i) has the form K,e/?!' + K5e/"?', Specify the values of c, and w2. 

(iii) Show that, since the voltage and current are restricted to be real, the natural 
response of the system is sinusoidal. 
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(b) In the circuit shown in Figure P2.61(b), x(t) is the input voltage. The voltage 
y(t) across the capacitor is considered to be the system output. 


x(t) 





(b) Figure P2.61b 


(i) Determine the differential equation relating x(t) and y(t). 
(ii) Show that the natural response of this system has the form Ke~“, and spec- 
ify the value of a. 
(с) In the circuit shown in Figure P2.61(c), x(t) is the input voltage. The voltage 
y(t) across the capacitor is considered to be the system output. 


x(t) 





(с) Figure P2.61c 


(i) Determine the differential equation relating x(t) and y(t). 

(ii) Show that the homogeneous solution of the differential equation from part 
(i) has the form e~“{K,e/*! + Kye~/"}, and specify the value of a. 

(iii) Show that, since the voltage and current are restricted to be real, the natural 
response of the system is a decaying sinusoid. 


2.62. (a) In the mechanical system shown in Figure P2.62(a), the force x(t) applied to 
the mass represents the input, while the displacement y(t) of the mass repre- 
sents the output. Determine the differential equation relating x(t) and y(t). Show 
that the natural response of this system is periodic. 

(b) Consider Figure P2.62(b), in which the force x(t) is the input and the velocity 
y(t) is the output. The mass of the car is m, while the coefficient of kinetic fric- 
tion is p. Show that the natural response of this system decays with increasing 
time. 

(c) In the mechanical system shown in Figure P2.62(c), the force x(t) applied to the 
mass represents the input, while the displacement y(t) of the mass represents 
the output. 
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m = 1,000 Kg 
р = 0.1 N-s/m 


ey) — oe" 3— 
SS 


(a) (b) 





К = Spring constant = 2 N/m 
m = Mass = 1 Kg 
b = Damping constant = 2 N-s/m 





(c) Figure P2.62 


(i) Determine the differential equation relating x(t) and y(t). 

(ii) Show that the homogeneous solution of the differential equation from part 
(i) has the form e~“{K,e/' + Куе}, and specify the value of a. 

(iii) Show that, since the force and displacement are restricted to be real, the 
natural response of the system is a decaying sinusoid. 
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A $100,000 mortgage is to be retired by equal monthly payments of D dollars. In- 
terest, compounded monthly, is charged at the rate of 12% per annum on the unpaid 
balance; for example, after the first month, the total debt equals 


$100,000 + is. осоо = $101,000. 


The problem is to determi - 2 such that after a specified time the mortgage is paid 

in full, leaving a net belance of zero. 

(a) To set up the pro! .em, let y[n] denote the unpaid balance after the nth monthly 
payment. Assume that the principal is borrowed in month 0 and monthly pay- 
ments begin in month 1. Show that y[n] satisfies the difference equation 


ур уул == нж | (P2.63-1) 
with initial condition 
y[0] = $100,000, 


wl cre y is a constant. Determine у. 


(b) Suive the difference equation of part (a) to determine 


ме 


y[n] forn = 0. 


(Hint: The particular solution of ед. (P2.63-1) is a constant Y. Find ће value 
of Y, and express y[n] for n = 1 as the sum of particular and homogeneous 
solutions. Determine the unknown constant in the homogeneous solution by 
directly calculating y[1] from eq. (P2.63—-1) and comparing it to your solution.) 

(c) If the mortgage is to be retired in 30 years after 360 monthly payments of D 
dollars, determine the appropriate value of D. 

(d) What is the total payment to the bank over the 30-year period? 

(e) Why do banks make loans? 


One important use of inverse systems is in situations in which one wishes to remove 
distortions of some type. A good example of this is the problem of removing echoes 
from acoustic signals. For example, if an auditorium has a perceptible echo, then 
an initial acoustic impulse will be followed by attenuated versions of the sound at 
regularly spaced intervals. Consequently, an ften-used model for this phenomenon 
is an LTI system with an impulse response с insisting of a train of impulses, i.e., 


h(t) = У hyS(t — KT). (P2.64-1) 
k=0 


Here the echoes occur T seconds apart, and л; represents the gain factor on the kth 

echo resulting from an initial acoustic impulse. 

(a) Suppose that x(t) represents the original acoustic signal (the music produced 
by an orchestra, for example) and that y(t) = x(t) * h(t) is the actual signal that 
is heard if no processing is done to remove the echoes. In order to remove the 
distortion introduced by the echoes, assume that a microphone is used to sense 
y(t) and that the resulting signal is transduced into an electrical signal. We will 
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also use y(t) to denote this signal, as it represents the electrical equivalent of 
the acoustic signal, and we can go from one to the other via acoustic-electrical 
conversion systems. 

The important point to note is that the system with impulse response given 
by eq. (Р2.64—1) is invertible. Therefore, we can find an LTI system with im- 
pulse response g(t) such that 


y(t) * g(t) = x(t), 


and thus, by processing the electrical signal y(t) in this fashion and then con- 
verting back to an acoustic signal, we can remove the troublesome echoes. 
The required impulse response g(t) is also an impulse train: 


g(t) = > gió(t — kT). 


k=0 


Determine the algebraic equations that the successive gą must satisfy, and solve 
these equations for go, gj, and g» in terms of hy. 

(b) Suppose that ho = 1, hy = 1/2, and h; = О for all i = 2. What is g(t) in this 
case? 

(c) А good model for the generation of echoes is illustrated in Figure P2.64. Hence, 
each successive echo represents a fed-back version of y(t), delayed by T sec- 
onds and scaled by a. Typically, 0 < œ < 1, as successive echoes are attenu- 
ated. 


xt) (+) yt 


Delay 
T 
Figure P2.64 


(i) What is the impulse response of this system? (Assume initial rest, i.e., 
y(t) = O fort < 0 if x(t) = О for t < 0.) 
(ii) Show that the system is stable if 0 < а < 1 and unstable if a > 1. 
(ii) What is g(t) in this case? Construct a realization of the inverse system 
using adders, coefficient multipliers, and T-second delay elements. 

Although we have phrased the preceding discussion in terms of continuous-time 
systems because of the application we have been considering, the same general 
ideas hold in discrete time. That is, the LTI system with impulse response 


(d 


~ 


oc 


hin] = X h,[n — kN] 


k=0 


is invertible and has as its inverse an LTI system with impulse response 


gin] = У già[n — kN]. 
k=0 
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It is not difficult to check that the g, satisfy the same algebraic equations as in 
part (a). 
Consider now the discrete-time LTI system with impulse response 


h[n] = $ 5[n — kN]. 


К=—= 


This system is not invertible. Find two inputs that produce the same output. 


2.65. In Problem 1.45, we introduced and examined some of the basic properties of cor- 


relation functions for continuous-time signals. The discrete-time counterpart of the 
correlation function has essentially the same properties as those in continuous time, 
and both are extremely important in numerous applications (as is discussed in Prob- 
lems 2.66 and 2.67). In this problem, we introduce the discrete-time correlation 
function and examine several more of its properties. 

Let x[n] and y[n] be two real-valued discrete-time signals. The autocorrela- 
tion functions },x[n] and $,,[n] of x[n] and y[n], respectively, are defined by the 
expressions 


+00 


x[n] = >> xim + n]x[m) 


m--o 


and 


yyin] = >, yim + п]у[т), 


m--o 


and the cross-correlation functions are given by 


+00 


фуу[п] = >, xim + п]у[т] 


m--o 


and 


dyxtn] = >` yim + n]xim]. 


т=—® 


As in continuous time, these functions possess certain symmetry properties. Specif- 

ically, фух[п] and $,,[n] are even functions, while },,[n] = $,.[—n]. 

(a) Compute the autocorrelation sequences for the signals x[n], x2[n], x3[n], and 
x4[n] depicted in Figure P2.65. 

(b) Compute the cross-correlation sequences 


$x,x;[n], iF Ј, Lj = l, 2, 3,4, 


for x;[n], i = 1,2, 3, 4, as shown in Figure P2.65. 

(c) Let x[n] be the input to an LTI system with unit sample response h[], and let the 
corresponding output be y[n]. Find expressions for },,[n] and $,,[n] in terms 
of ф,„[л] and h[n]. Show how ¢,,[n] and $,,[n] can be viewed as the output 
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Figure P2.65 


of LTI systems with $..[n] as the input. (Do this by explicitly specifying the 
impulse response of each of the two systems.) 

(d) Let h[n] = x[n] in Figure P2.65, and let y[n] be the output of the LTI system 
with impulse response h[n] when the input x[n] also equals x; [n]. Calculate 
фху[п] and $,,[n] using the results of part (c). 

2.66. Let hi(t), ho(t), and h3(t), as sketched in Figure P2.66, be the impulse responses 
of three LTI systems. These three signals are known as Walsh functions and are of 
considerable practical importance because they can be easily generated by digital 
logic circuitry and because multiplication by each of them can be implemented in a 
simple fashion by a polarity-reversing switch. 


h(t) 





Figure P2.66 


(a) Determine and sketch a choice for х (7), a continuous-time signal with the fol- 
lowing properties: 
(1) x(t) is real. 
(ii) x,(t) = 0 for t < 0. 
(iii) |x, (t)| = 1 fort = 0. 
(iv) y(t) = xi(t) * h(t) is as large as possible at t = 4. 

(b) Repeat part (a) for x2(t) and x3(t) by making y2(t) = х2(7) * h2(t) and y3(t) = 
x3(t) * h3(t) each as large as possible at t = 4. 

(c) What is the value of 


уу) = x(t) * hj(, i з j 
at time t = 4 fori, j = 1,2,3? 
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The system with impulse response h;(t) is known as the matched filter 
for the signal x;(t) because the impulse response is tuned to x;(t) in order to 
produce the maximum output signal. In the next problem, we relate the concept 
of a matched filter to that of the correlation function for continuous-time signals. 


2.67. The cross-correlation function between two continuous-time real signals x(t) and 


x,(t) 





y(t) is 
o 


фуу) = | x(t + т)у(т)ат. (Р2.67—1) 


—%® 


The autocorrelation function of a signal x(t) is obtained by setting y(t) = x(t) in 
eq. (P2.67-1): 


+2 


$t) = | x(t + т)х(т)ат. 
(a) Compute the autocorrelation function for each of the two signals x(t) and х›(г) 
depicted in Figure P2.67(a). 


xo(t) 





(b) Figure P2.67 


(b) Let x(t) be a given signal, and assume that x(t) is of finite duration—i.e., that 
x(t) = 0 for t < 0 and t > T. Find the impulse response of an LTI system so 
that $..(t — T) is the output if x(t) is the input. 

(c) The system determined in part (b) is a matched filter for the signal x(t). That 
this definition of a matched filter is identical to the one introduced in Problem 
2.66 can be seen from the following: 
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Let x(t) be as in part (b), and let y(t) denote the response to x(t) of an 
LTI system with real impulse response A(t). Assume that h(t) = 0 for t < 0 
and for > T. Show that the choice for A(t) that maximizes y(T), subject to the 
constraint that 


T 
| h?°(t)dt = М, a fixed positive number, (P2.67—2) 
0 


is a scalar multiple of the impulse response determined in part (b). [Hint: 
Schwartz's inequality states that 


K Ь 1/2 b 1/2 
| u(t)v(t)dt = || Poo | roa 


for any two signals u(t) and v(t). Use this to obtain a bound on y(T).] 

(d) The constraint given by eq. (P2.67—2) simply provides a scaling to the impulse 
response, as increasing M merely changes the scalar multiplier mentioned in 
part (c). Thus, we see that the particular choice for h(t) in parts (b) and (c) is 
matched to the signal x(t) to produce maximum output. This is an extremely 
important property in a number of applications, as we will now indicate. 

In communication problems, one often wishes to transmit one of a small 
number of possible pieces of information. For example, if a complex message 
is encoded into a sequence of binary digits, we can imagine a system that trans- 
mits the information bit by bit. Each bit can then be transmitted by sending one 
signal, say, xo(t) , if the bit is a 0, or a different signal x(t) if a 1 is to be com- 
municated. In this case, the receiving system for these signals must be capable 
of recognizing whether x(t) or x; (t) has been received. Intuitively, what makes 
sense is to have two systems in the receiver, one tuned to x9(t) and one tuned 
to xı (t), where, by "tuned," we mean that the system gives a large output after 
the signal to which it is tuned is received. The property of producing a large 
output when a particular signal is received is exactly what the matched filter 
possesses. 

In practice, there is always distortion and interference in the transmission 
and reception processes. Consequently, we want to maximize the difference be- 
tween the response of a matched filter to the input to which it is matched and 
the response of the filter to one of the other signals that can be transmitted. To 
illustrate this point, consider the two signals xo(t) and x,(r) depicted in Fig- 
ure P2.67(b). Let Lo denote the matched filter for xo(1), and let Lı denote the 
matched filter for x, (t). 

(i) Sketch the responses of Lo to xo(t) and ху (7). Do the same for Lı. 

(ii) Compare the values of these responses at t = 4. How might you modify 
Xo(t) so that the receiver would have an even easier job of distinguishing 
between xo(t) and x,(t) in that the response of Lo to xi(1) and Lı to xo(t) 
would both be zero at t — 4? 


2.68. Another application in which matched filters and correlation functions play an im- 
portant role is radar systems. The underlying principle of radar is that an electro- 
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2.69. 


magnetic pulse transmitted at a target will be reflected by the target and will subse- 
quently return to the sender with a delay proportional to the distance to the target. 
Ideally, the received signal will simply be a shifted and possibly scaled version of 
the original transmitted signal. 

Let p(t) be the original pulse that is sent out. Show that 


$pp(0) = шах Ppp(t). 


That 15, Ф (0) is the largest value taken by ф (1). Use this equation to deduce that, 
if the waveform that comes back to the sender is 


x(t) = a p(t — to), 
where а is a positive constant, then 


фухур(Чо) s max dxp(t). 


(Hint: Use Schwartz’s inequality.) 

Thus, the way in which simple radar ranging systems work is based on using a 
matched filter for the transmitted waveform p(t) and noting the time at which the 
output of this system reaches its maximum value. 


In Section 2.5, we characterized the unit doublet through the equation 


+= 


x(t) * uy(t) = | x(t — т)щ(т) dt = x'(t) (P2.69-1) 


—% 


for any signal x(t). From this equation, we derived the relationship 


m 

| #(т)и\(т)ат = —g'(0). (P2.69-2) 

(a) Show that eq. (P2.69—2) is an equivalent characterization of u(t) by showing 
that eq. (P2.69—2) implies eq. (P2.69-1). [Hint: Fix t, and define the signal 
8(т) = x(t — 7).] 

Thus, we have seen that characterizing the unit impulse or unit doublet 
by how it behaves under convolution is equivalent to characterizing how it be- 
haves under integration when multiplied by an arbitrary signal g(t). In fact, as 
indicated in Section 2.5, the equivalence of these operational definitions holds 
for all signals and, in particular, for all singularity functions. 

(b) Let f(t) be a given signal. Show that 


f(Dui(t) = f(0)ui(t) — f'(0)5(0 


by showing that both functions have the same operational definitions. 
(c) What is the value of 


© 


| X(T)u2(T) йт? 


Find an expression for f(t)u2(t) analogous to that in part (b) for f(f)u)(t). 
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2.70. In analogy with continuous-time singularity functions, we can define a set of 
discrete-time signals. Specifically, let 


и1[п] = u[n], 


uoln] = ó[n], 
and 
uj[n] = [8] — d[n — 1], 
and define 
ug[n] = u[n] * In] * +; *[n], k > 0 
k times 
and 
uy[n] = u_\[n] * и-1[0] ж-ж n 1[n], k <0. 
|k| times 
Note that 
x[n] * 8[n] = x[n], 
x[n] * u[n] — > x[m], 
and 
x[n] * [n] = x[n] — x[n — 1], 
(a) What is 


oo 


> х[т]и\[т]? 


m=% 


(b) Show that 


x[nJu;[n] = xfO]ui[n] — [x[1] — х[0]]8[л — 1] 
= x[1]u [n] — [x[1] — х[0]]8[п]. 


(c) Sketch the signals из [л] and us[n]. 

(d) Sketch u_,[n] and u. 3[n]. 

(e) Show that, in general, for k > 0, 
(—1)"k! 


yi [u[n] — u[n — k — 1]]. (Р2.70—1) 


чл] = п!(К-п 


(Hint: Use induction. From part (c), it is evident that и„[п] satisfies eq. 
(P2.70—1) for k = 2 and 3. Then, assuming that eq. (P2.70—1) satisfies u,[n], 
write ик+ү[п] in terms of u,[n], and show that the equation also satisfies 


uy [n].) 
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(f) Show that, in general, for k > 0, 


(n+k-—1)! 


ЕСТИ 900 (P2.70-2) 


ип] = 


(Hint; Again, use induction. Note that 
и кър] и-(к+1)[л = 1] = и—к[л]. (P2.70-3) 


Then, assuming that eq. (P2.70—2) is valid for u- [n], use eq. (P2.70—3) to show 
that eq. (P2.70—2) is valid for и; [п] as well.) 


2.71. In this chapter, we have used several properties and ideas that greatly facilitate the 
analysis of LTI systems. Among these are two that we wish to examine a bit more 
closely. As we will see, in certain very special cases one must be careful in using 
these properties, which otherwise hold without qualification. 

(a) One of the basic and most important properties of convolution (in both contin- 
uous and discrete time) is associativity. That is, if x(t), (t), and g(t) are three 
signals, then 


x(t) ж [g(t) ж АС) = [х(т) * g(] * AC) = [xG) ж h)] * gc). (P2.71-1) 


This relationship holds as long as all three expressions are well defined and 
finite. As that is usually the case in practice, we will in general use the asso- 
ciativity property without comments or assumptions. However, there are some 
cases in which it does not hold. For example, consider the system depicted in 
Figure P2.71, with h(t) = u(t) and g(t) = u(t). Compute the response of this 
system to the input 


x(t) = 1 for all t. 


Figure P2.71 


Do this in the three different ways suggested by eq. (P2.7 1-1) and by the figure: 

(i) By first convolving the two impulse responses and then convolving the result 
with x(t). 

(ii) By first convolving x(t) with и (t) and then convolving the result with u(t). 

(ш) By first convolving x(t) with u(t) and then convolving the result with u; (t). 
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(b) Repeat part (a) for 
x(t) = е” 
and 


A(t) = е ‘u(t), 
g(t) = u(t) + б(1). 


ain) = (5. 
Bi = {2} ара 
m u|nj, 


g[n] = é[n] – soln = 1]. 


(c) Do the same for 


Thus, in general, the associativity property of convolution holds if and 
only if the three expressions in eq. (P2.71—1) make sense (i.e., if and only if 
their interpretations in terms of LTI systems are meaningful). For example, in 
part (a) differentiating a constant and then integrating makes sense, but the 
process of integrating the constant from t = — and then differentiating does 
not, and it is only in such cases that associativity breaks down. 

Closely related to the foregoing discussion is an issue involving inverse 
systems. Consider the LTI system with impulse response h(t) = u(t). As we 
saw in part (a), there are inputs—specifically, x(f) — nonzero constant—for 
which the output of this system is infinite, and thus, it is meaningless to consider 
the question of inverting such outputs to recover the input. However, if we limit 
ourselves to inputs that do yield finite outputs, that is, inputs which satisfy 


t 
| х(т)ат| < «, (P2.71-2) 








then the system is invertible, and the LTI system with impulse response и (г) 
is its inverse. 

(d) Show that the LTI system with impulse response u(t) is not invertible. (Hint: 
Find two different inputs that both yield zero output for all time.) However, 
show that the system is invertible if we limit ourselves to inputs that satisfy eq. 
(P2.71—2). [Hint: In Problem 1.44, we showed that an LTI system is invertible 
if no input other than x(r) = 0 yields an output that is zero for all time; are 
there two inputs x(t) that satisfy eq. (P2.71—2) and that yield identically zero 
responses when convolved with и (1)?] 

What we have illustrated in this problem is the following: 
(1) If x(t), A(t), and g(t) are three signals, and if x(t) * g(t), x(t) * A(t), and 
h(t)* g(t) are all well defined and finite, then the associativity property, eq. 
(P2.71—1), holds. 
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(2) Let A(t) be the impulse response of an LTI system, and suppose that the 
impulse response g(t) of a second system has the property 


A(t) * g(t) = e(t). (P2.71-3) 


Then, from (1), for all inputs x(t) for which x(t) * h(t) and x(t) * g(t) are 
both well defined and finite, the two cascades of systems depicted in Fig- 
ure P2.71 act as the identity system, and thus, the two LTI systems can 
be regarded as inverses of one another. For example, if h(t) = u(t) and 
g(t) = u(t), then, as long as we restrict ourselves to inputs satisfying eq. 
(P2.71—2), we can regard these two systems as inverses. 


Therefore, we see that the associativity property of eq. (P2.71—1) and the definition 
of LTI inverses as given in eq. (P2.71—3) are valid, as long as all convolutions that are 
involved are finite. As this is certainly the case in any realistic problem, we will in 
general use these properties without comment or qualification. Note that, although 
we have phrased most of our discussion in terms of continuous-time signals and 
systems, the same points can also be made in discrete time [as should be evident 
from part (c)]. 


2.72. Let 5,(t) denote the rectangular pulse of height i for 0 < t = A. Verify that 
d 1 
FA = qo — 6(t — А)]. 


2.73. Show by induction that 


k=] 


"POI aap fork = 1,2,3... 
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FOURIER SERIES 
REPRESENTATION OF 
PERIODIC SIGNALS 





3.0 INTRODUCTION 


The representation and analysis of LTI systems through the convolution sum as developed 
in Chapter 2 is based on representing signals as linear combinations of shifted impulses. 
In this and the following two chapters, we explore an alternative representation for signals 
and LTI systems. As in Chapter 2, the starting point for our discussion is the development 
of a representation of signals as linear combinations of a set of basic signals. For this 
alternative representation we use complex exponentials. The resulting representations are 
known as the continuous-time and discrete-time Fourier series and transform. As we will 
see, these can be used to construct broad and useful classes of signals. 

We then proceed as we did in Chapter 2. That is, because of the superposition prop- 
erty, the response of an LTI system to any input consisting of a linear combination of basic 
signals is the same linear combination of the individual responses to each of the basic sig- 
nals. In Chapter 2, these responses were all shifted versions of the unit impulse response, 
leading to the convolution sum or integral. As we will find in the current chapter, the re- 
sponse of an LTI system to a complex exponential also has a particularly simple form, 
which then provides us with another convenient representation for LTI systems and with 
another way in which to analyze these systems and gain insight into their properties. 

In this chapter, we focus on the representation of continuous-time and discrete-time 
periodic signals referred to as the Fourier series. In Chapters 4 and 5, we extend the anal- 
ysis to the Fourier transform representation of broad classes of aperiodic, finite energy 
signals. Together, these representations provide one of the most powerful and important 
sets of tools and insights for analyzing, designing, and understanding signals and LTI sys- 
tems, and we devote considerable attention in this and subsequent chapters to exploring 
the uses of Fourier methods. 
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We begin in the next section with a brief historical perspective in order to provide 
some insight into the concepts and issues that we develop in more detail in the sections 
and chapters that follow. 


3.1 A HISTORICAL PERSPECTIVE 


The development of Fourier analysis has a long history involving a great many individ- 
uals and the investigation of many different physical рһепотепа.! The concept of using 
“trigonometric sums"— that is, sums of harmonically related sines and cosines or periodic 
complex exponentials—to describe periodic phenomena goes back at least as far as the 
Babylonians, who used ideas of this type in order to predict astronomical events.” The 
modern history of the subject begins in 1748 with L. Euler, who examined the motion of 
a vibrating string. In Figure 3.1, we have indicated the first few of what are known as 
the “normal modes” of such a string. If we consider the vertical deflection f(t, x) of the 
string at time / and at a distance x along the string, then for any fixed instant of time, the 
normal modes are harmonically related sinusoidal functions of x. What Euler noted was 
that if the configuration of a vibrating string at some point in time is a linear combination 
of these normal modes, so is the configuration at any subsequent time. Furthermore, Euler 
showed that one could calculate the coefficients for the linear combination at the later time 
in a very straightforward manner from the coefficients at the earlier time. In doing this, 
Euler performed the same type of calculation as we will in the next section in deriving 
one of the properties of trigonometric sums that make them so useful for the analysis of 
LTI systems. Specifically, we will see that if the input to an LTI system is expressed as a 
linear combination of periodic complex exponentials or sinusoids, the output can also be 
expressed in this form, with coefficients that are related in a straightforward way to those 
of the input. 

The property described in the preceding paragraph would not be particularly useful, 
unless it were true that a large class of interesting functions could be represented by linear 
combinations of complex exponentials. In the middle of the 1 8th century, this point was the 
subject of heated debate. In 1753, D. Bernoulli argued on physical grounds that all physi- 
cal motions of a string could be represented by linear combinations of normal modes, but 
he did not pursue this mathematically, and his ideas were not widely accepted. In fact, Eu- 
ler himself discarded trigonometric series, and in 1759 J. L. Lagrange strongly criticized 
the use of trigonometric series in the examination of vibrating strings. His criticism was 
based on his own belief that it was impossible to represent signals with corners (i.e., with 
discontinuous slopes) using trigonometric series. Since such a configuration arises from 


' The historical material in this chapter was taken from the following references: I. Grattan-Guiness, 
Joseph Fourier, 1768—1830 (Cambridge, MA: The MIT Press, 1972); G. F. Simmons, Differential Equations: 
With Applications and Historical Notes (New York: McGraw-Hill Book Companv, 1972); C. Lanczos, Dis- 
course on Fourier Series (London: Oliver and Boyd, 1966); R. E. Edwards, Fourier Series: A Modern Intro- 
duction (New York: Springer-Verlag, 2nd ed., 1970); and A. D. Aleksandrov, A. N. Kolmogorov, and M. A. 
Lavrent'ev, Mathematics: Its Content, Methods, and Meaning, trans. S. H. Gould, Vol. II; trans. K. Hirsch, Vol. 
III (Cambridge, MA: The MIT Press, 1969). Of these, Grattan-Guiness' work offers the most complete account 
of Fourier's life and contributions. Other references are cited in several places in the chapter. 


? H. Dym and H. P. McKean, Fourier Series and Integrals (New York: Academic Press, 1972). This 


text and the book of Simmons cited in footnote 1 also contain discussions of the vibrating-string problem and 
its role in the development of Fourier analysis. 
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~ Position along 
the string 


————— 
— 





Vertical deflection | 
f(t,x) 





Figure 3.1 Normal modes of a vi- 
brating string. (Solid lines indicate the 
configuration of each of these modes 
at some fixed instant of time, t.) 








the plucking of a string (i.e., pulling it taut and then releasing it), Lagrange argued that 
trigonometric series were of very limited use. 

It was in this somewhat hostile and skeptical environment that Jean Baptiste Joseph 
Fourier (Figure 3.2) presented his ideas half a century later. Fourier was born on March 


Figure 3.2 Jean Baptiste Joseph 
Fourier [picture from J. B. J. Fourier, 
Oeuvres de Fourier, Vol. І (Paris: 
Gauthier-Villars et Fils, 1980)]. 
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21, 1768, in Auxerre, France, and by the time of his entrance irito the controversy con- 
cerning trigonometric series, he had already had a lifetime of experiences. His many 
contributions—in particular, those concerned with the series and transform that carry his 
name—are made even more impressive by the circumstances under which he worked. 
His revolutionary discoveries, although not completely appreciated during his own life- 
time, have had a major impact on the development of mathematics and have been and still 
are of great importance in an extremely wide range of scientific and engineering disci- 
plines. 

In addition to his studies in mathematics, Fourier led an active political life. In fact, 
during the years that followed the French Revolution, his activities almost led to his down- 
fall, as he narrowly avoided the guillotine on two separate occasions. Subsequently, Fourier 
became an associate of Napoleon Bonaparte, accompanied him on his expeditions to Egypt 
(during which time Fourier collected the information he would use later as the basis for 
his treatises on Egyptology), and in 1802 was appointed by Bonaparte to the position of 
prefect of a region of France centered in Grenoble. It was there, while serving as prefect, 
that Fourier developed his ideas on trigonometric series. 

The physical motivation for Fourier’s work was the phenomenon of heat propaga- 
tion and diffusion. This in itself was a significant step in that most previous research in 
mathematical physics had dealt with rational and celestial mechanics. By 1807, Fourier 
had completed a work, Fourier had found series of harmonically related sinusoids to be 
useful in representing the temperature distribution through a body. In addition, he claimed 
that “any” periodic signal could be represented by such a series. While his treatment of 
this topic was significant, many of the basic ideas behind it had been discovered by oth- 
ers. Also, Fourier’s mathematical arguments were still imprecise, and it remained for P. L. 
Dirichlet in 1829 to provide precise conditions under which a periodic signal could be rep- 
resented by a Fourier series.? Thus, Fourier did not actually contribute to the mathematical 
theory of Fourier series. However, he did have the clear insight to see the potential for this 
series representation, and it was to a great extent his work and his claims that spurred much 
of the subsequent work on Fourier series. In addition, Fourier took: this type of representa- 
tion one very large step farther than any of his predecessors: He obtained a representation 
for aperiodic signals—not as weighted sums of harmonically related sinusoids—but as 
weighted integrals of sinusoids that are not all harmonically related. It is this extension 
from Fourier series to the Fourier integral or transform that is the focus of Chapters 4 and 5. 
Like the Fourier series, the Fourier transform remains one of the most powerful tools for 
the analysis of LTI systems. 

Four distinguished mathematicians and scientists were appointed to examine the 
1807 paper of Fourier. Three of the four—S. F. Lacroix, G. Monge, and P. S. de Laplace— 
were in favor of publication of the paper, but the fourth, J. L. Lagrange, remained adamant 
in rejecting trigonometric series, as he had done 50 years earlier. Because of Lagrange's 
vehement objections, Fourier's paper never appeared. After several other attempts to have 
his work accepted and published by the Institut de France, Fourier undertook the writing of 
another version of his work, which appeared as the text Théorie analytique de la chaleur.* 


‘Both S. D. Poisson and A. L. Cauchy had obtained results about the convergence of Fourier series before 
1829, but Dirichlet's work represented such a significant extension of their results that he is usually credited 
with being the first to consider Fourier series convergence in a rigorous fashion. 


*See J. B. J. Fourier, The Analytical Theory of Heat, trans. A. Freeman (New York: Dover, 1955). 
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This book was published in 1822, 15 years after Fourier had first presented his results to 
the Institut. 

Toward the end of his life Fourier received some of the recognition he deserved, 
but the most significant tribute to him has been the enormous irapact of his work on so 
many disciplines within the fields of mathematics, science, and engineering. The theory 
of integration, point-set topology, and eigenfunction expansions are just a few examples 
of topics in mathematics that have their roots in the analysis of Fourier series and inte- 
grals.? Furthermore, in addition to the original studies of vibration and heat diffusion, there 
are numerous other problems in science and engineering in which sinusoidal signals, and 
therefore Fourier series and transforms, play an important role. For example, sinusoidal 
signals arise naturally in describing the motion of the planets and the periodic behavior of 
the earth's climate. Alternating-current sources generate sinusoidal voltages and currents, 
and, as we will see, the tools of Fourier analysis enable us to analyze the response of an 
LTI system, such as a circuit, to such sinusoidal inputs. Also, as illustrated in Figure 3.3, 
waves in the ocean consist of the linear combination of sinusoidal waves with different 
spatial periods or wavelengths. Signals transmitted by radio and television stations are si- 
nusoidal in nature as well, and as a quick perusal of any text on Fourier analysis will show, 
the range of applications in which sinusoidal signals arise and in which the tools of Fourier 
analysis are useful extends far beyond these few examples. 





= 
Wavelength 150 ft 500 ft 
-———Wavelenght 500 ft 
= — —Wavelength 800 ft 





Figure 3.3 Ship encountering the superposition of three wave trains, each with a 
different spatial period. When these waves reinforce one another, a very large wave 
can result. In more severe seas, a giant wave indicated by the dotted line could result. 
Whether such a reinforcement occurs at any location depends upon the relative phases 
of the components that are superposed. [Adapted from an illustration by P. Mion in 
“Nightmare Waves Are All Too Real to Deepwater Sailors,” by P. Britton, Smithsonian 
8 (February 1978), pp. 64-65]. 


While many of the applications in the preceding paragraph, as well as the original 
work of Fourier and his contemporaries on problems of mathematical physics, focus on 
phenomena in continuous time, the tools of Fourier analysis for discrete-time signals and 
systems have their own distinct historical roots and equally rich set of applications. In par- 
ticular, discrete-time concepts and methods are fundamental to the discipline of numerical 
analysis. Formulas for the processing of discrete sets of data points to produce numerical 
approximations for interpolation, integration, and differentiation were being investigated 
as early as the time of Newton in the 1600s. In addition, the problem of predicting 
the motion of a heavenly body, given a sequence of observations of the body, spurred the 


‘For more on the impact of Fourier’s work on mathematics, see W. A. Coppel, “J. B. Fourier—on the 
occasion of His Two Hundredth Birthday,” American Mathematical Monthly, 76 (1969), 468-83. 
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investigation of harmonic time series in the 18th and 19th centuries by eminent scientists 
and mathematicians, including Gauss, and thus provided a second setting in which much 
of the initial work was done on discrete-time signals and systems. 

In the mid-1960s an algorithm, now known as the fast Fourier transform, or FFT, was 
introduced. This algorithm, which was independently discovered by Cooley and Tukey in 
1965, also has a considerable history and can, in fact, be found in Gauss’ notebooks.^ 
What made its modern discovery so important was the fact that the FFT proved to be 
perfectly suited for efficient digital implementation, and it reduced the time required to 
compute transforms by orders of magnitude. With this tool, many interesting but previ- 
ously impractical ideas utilizing the discrete-time Fourier series and transform suddenly 
became practical, and the development of discrete-time signal and system analysis tech- 
niques moved forward at an accelerated pace. 

What has emerged out of this long history is a powerful and cohesive framework for 
the analysis of continuous-time and discrete-time signals and systems and an extraordinar- 
ily broad array of existing and potential applications. In this and the following chapters, 
we will develop the basic tools of that framework and examine some of its important im- 
plications. 


3.2 THE RESPONSE OF LTI SYSTEMS TO COMPLEX EXPONENTIALS 


As we indicated in Section 3.0, it is advantageous in the study of LTI systems to represent 
signals as linear combinations of basic signals that possess the following two properties: 


1. The set of basic signals can be used to construct a broad and useful class of signals. 


2. The response of an LTI system to each signal should be simple enough in structure 
to provide us with a convenient representation for the response of the system to 
any signal constructed as a linear combination of the basic signals. 


Much of the importance of Fourier analysis results from the fact that both of these prop- 
erties are provided by the set of complex exponential signals in continuous and discrete 
time—i.e., signals of the form e* in continuous time and z" in discrete time, where s and 
z are complex numbers. In subsequent sections of this and the following two chapters, 
we will examine the first property in some detail. In this section, we focus on the second 
property and, in this way, provide motivation for the use of Fourier series and transforms 
in the analysis of LTI systems. 

The importance of complex exponentials in the study of LTI systems stems from the 
fact that the response of an LTI system to a complex exponential input is the same complex 
exponential with only a change in amplitude; that is, 


continuous time: e" — H(s)e™, (3.1) 
discrete time: z” —5 H(z)z", (3.2) 


where the complex amplitude factor H(s) or H(z) will in general be a function of the 
complex variable s or z. A signal for which the system output is a (possibly complex) 


*M. T. Heideman, D. H. Johnson, and C. S. Burrus, “Gauss and the History of the Fast Fourier Trans- 
form," The IEEE ASSP Magazine I (1984), pp. 14—21. 
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constant times the input is referred to as an eigenfunction of the system, and the amplitude 
factor is referred to as the system’s eigenvalue. 

To show that complex exponentials are indeed eigenfunctions of LTI systems, let us 
consider a continuous-time LTI system with impulse response A(t). For an input x(t), we 
can determine the output through the use of the convolution integral, so that with x(t) = e” 


y(t) = | h(r)x(t — т) Ат 
id (3.3) 
+% 
= | һ(т)е*“ ^? dr. 


—® 


Expressing е") as ее *7, and noting that e" can be moved outside the integral, we see 
that eq. (3.3) becomes 


+ 


h(r)e " dr. (3.4) 


— 20 


y(t) = “| 


Assuming that the integral on the right-hand side of eq. (3.4) converges, the response to 
е“! is of the form 


y(t) = H(s)e", (3.5) 


where H(s) is a complex constant whose value depends on s and which is related to the 
system impulse response by 


4 


H(s) = | мде d: (3.6) 


—% 


Hence, we have shown that complex exponentials are eigenfunctions of LTI systems. The 
constant H(s) for a specific value of s is then the eigenvalue associated with the eigen- 
function e". 

In an exactly parallel manner, we can show that complex exponential sequences are 
eigenfunctions of discrete-time LTI systems. That is, suppose that an LTI system with 
impulse response Л[п] has as its input the sequence 


x[n] = 2% (3.7) 


where z is a complex number. Then the output of the system can be determined from the 
convolution sum as 


= h[k]x[n — К] 
кесе (3.8) 


> МЕ = 2 У НИ“. 


К=—= К=—%® 


yin] 


From this expression, we see that if the input x[n] is the complex exponential given by 
eq. (3.7), then, assuming that the summation on the right-hand side of eq. (3.8) converges, 
the output is the same complex exponential multiplied by a constant that depends on the 
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value of z. That is, 


yin] = A(z)z", (3.9) 
where 
+оо 
H(z) = У, Мс“. (3.10) 


= —00 


Consequently, as in the continuous-time case, complex exponentials are eigenfunctions of 
discrete-time LTI systems. The constant H(z) for a specified value of z is the eigenvalue 
associated with the eigenfunction z". 

For the analysis of LTI systems, the usefulness of decomposing more general signals 
in terms of eigenfunctions can be seen from an example. Let x(t) correspond to a linear 
combination of three complex exponentials; that is, 


511 


x(t) = aqe" + азе! + азе“. (3.11) 


From the eigenfunction property, the response to each separately is 


aje" — aiH (sije, 


Sol 


азе! —> a3 H(s;)e", 


азе! — a3H(s3)e™, 


and from the superposition property the response to the sum is the sum of the responses, 
so that 


y(t) = a, H(si)e"" + a3H(s;)e?' + a3H(s3)e™". (3.12) 


More generally, in continuous time, eq. (3.5), together with the superposition property, 
implies that the representation of signals as a linear combination of complex exponentials 
leads to a convenient expression for the response of an LTI system. Specifically, if the 
input to a continuous-time LTI system is represented as a linear combination of complex 
exponentials, that is, if 


x(t) = У aye, (3.13) 
k 


then the output will be 


y(t) = S a,H(spe". (3.14) 
k 


In an exactly analogous manner, if the input to a discrete-time LTI system is represented 
as a linear combination of complex exponentials, that is, if 


x[n] = > а, (3.15) 
k 


then the output will be 
yin] = >? aH Gud. (3.16) 
k 
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In other words, for both continuous time and discrete time, if the input to an LTI 
system is represented as a linear combination of complex exponentials, then the output 
can also be represented as a linear combination of the same complex exponential signals. 
Each coefficient in this representation of the output is obtained as the product of the corre- 
sponding coefficient a, of the input and the system's eigenvalue H(s,) or H (2) associated 
with the eigenfunction e™' or z}, respectively. It was precisely this fact that Euler discov- 
ered for the problem of the vibrating string, that Gauss and others used in the analysis 
of time series, and that motivated Fourier and others after him to consider the question 
of how broad a class of signals could be represented as a linear combination of complex 
exponentials. In the next few sections we examine this question for periodic signals, first 
in continuous time and then in discrete time, and in Chapters 4 and 5 we consider the 
extension of these representations to aperiodic signals. Although in general, the variables 
s and z in eqs. (3.1)-(3.16) may be arbitrary complex numbers, Fourier analysis involves 
restricting our attention to particular forms for these variables. In particular, in continuous 
time we focus on purely imaginary values of s—i.e.,s = jw—and thus, we consider only 
complex exponentials of the form e/“’. Similarly, in discrete time we restrict the range 
of values of z to those of unit magnitude—i.e., z = e/*— so that we focus on complex 
exponentials of the form e/*", 


Example 3.1 


As an illustration of eqs. (3.5) and (3.6), consider an LTI system for which the input x(t) 
and output y(r) are related by a time shift of 3, i.e., 

y(t) = x(t— 3). Gly 

“If the input to this system is the complex exponential signal x(t) = е/?', then, from 

1 eq. (3.17), 

y) = eM = ur PU, (3.18) 

Equation (3.18) is in the form of eq. (3.5), as we would expect, since e/”! is an eigen- 

function. The associated eigenvalue is H(j2) = e~/®. It is straightforward to confirm 


eq. (3.6) for this example. Specifically, from eq. (3.17), the impulse response of the sys- 
_ tem is A(t) = ó(t — 3). Substituting into eq. (3.6), we obtain 


+x 


H(s) = | б(т – 3)е dr = е^, 


so that H(j2) = e+. 
As a second example, in this case illustrating eqs. (3.11) and (3.12), consider the 
input signal x(t) = cos(4t) + cos(7t). From eq. (3.17), y(t) will of course be 


y(t) = cos(4(t — 3)) + cos(7(t — 3)). (3.19) 
To see that this will also result from eq. (3.12), we first expand x(t) using Euler’s relation: 
x(t) = tel + le" 4 е! + 1 e 3. (3.20) 

From eqs. (3.11) and (3.12), 


y(t) = Le git ib jeg jn E je еў + ieil e-i, 
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or 


y(t) = Leit-3) + je I0» + 1еЛ@-3) + 1е-70-3 


= cos(4(t — 3)) + cos(7(t — 3)). 


For this simple example, multiplication of each periodic exponential component of 
x(t)—for example, 1e/*—by the corresponding eigenvalue—e.g., H(j4) = e" — 
effectively causes the input component to shift in time by 3. Obviously, in this case 
we can determine y(t) in eq. (3.19) by inspection rather than by employing eqs. (3.11) 
апа (3.12). However, as we will see, the general property embodied in eqs. (3.11) 
and (3.12) not only allows us to calculate the responses of more complex LTI systems, 
but also provides the basis for the frequency domain representation and analysis of LTI 


systems. 


3.3 FOURIER SERIES REPRESENTATION OF CONTINUOUS-TIME 


PERIODIC SIGNALS 


3.3.1 Linear Combinations of Harmonically Related 
Complex Exponentials 


As defined in Chapter 1, a signal is periodic if, for some positive value of T, 
x(t) = x(t-- T) га. (3.21) 


The fundamental period of x(t) is the minimum positive, nonzero value of T for which 
eq. (3.21) is satisfied, and the value wọ = 27/T is referred to as the fundamental fre- 
quency. 

In Chapter 1 we also introduced two basic periodic signals, the sinusoidal signal 


x(t) = cos wot (3.22) 
and the periodic complex exponential 
x(t) = ef", (3.23) 


Both of these signals are periodic with fundamental frequency «o and fundamental period 
T = 2m/wo. Associated with the signal in eq. (3.23) is the set of harmonically related 
complex exponentials 


b(t) = eive = eik2miT k —0 +1, +2,.... (3.24) 


Each of these signals has a fundamental frequency that is a multiple of wo, and therefore, 
each is periodic with period T (although for |k| = 2, the fundamental period of ,(t) is a 
fraction of 7). Thus, a linear combination of harmonically related complex exponentials 
of the form 


n oe 
x(t) = > a, eJ ont a > a, eJ IT (3.25) 


(= —o k2-—o 
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is also periodic with period Т. In eq. (3.25), the term for k = 0 15 a constant. The terms for 
k = +1 апа k = —1 both have fundamental frequency equal to wo and are collectively 
referred to as the fundamental components or the first harmonic components. The two 
terms for k = +2 and К = —2 are periodic with half the period (or, equivalently, twice 
the frequency) of the fundamental components and are referred to as the second harmonic 
components. More generally, the components for k = +N and К = —N are referred to as 
the Nth harmonic components. 

The representation of a periodic signal in the form of eq. (3.25) is referred to as the 
Fourier series representation. Before developing the properties of this representation, let 
us consider an example. 


Example 3.2 


Consider a periodic signal x(t), with fundamental frequency 27, that is expressed in the 
form of eq. (3.25) as 


+3 
x)= У a, eim, (3.26) 
k=-3 
where 
a = 1 
ш айа 
1 "pm as 
a а-2 = 1 
2 iud. 
аз=а a Ё 
3 з= 


Rewriting eq. (3.26) and collecting each of the harmonic components which have the 
same fundamental frequency, we obtain 


x(t) =1+ ier e Pm. ye" s е4") 





(3.27) 
+ xem + e 67"), 
= Equivalently, using Euler’s relation, we can write x(t) in the form 
1 2 
x(t) 2-14 2 cos 2art + cos 4t + 3 cos бт. (3.28) 


In Figure 3.4, we illustrate graphically how the signal х(ї) is built up from its harmonic 
components. 





188 


Signals and Systems, Second Edition 


xolt) = 1 
t 
x,(t) = 5 cos 211 xolt) + x, (t) 
1 

t t 
хо(ї) = cos 4rt X(t) + x(t) + xo(t) 

t t 
xa(t) = - cos бтї X(t) = xolt) + x(t) +х2(0) + xa(t) 


mE 


Figure 3.4 Construction of the signal x(t) in Example 3.2 as a linear com- 
bination of harmonically related sinusoidal signals. 


Equation (3.28) is an example of an alternative form for the Fourier series of real 
periodic signals. Specifically, suppose that x(t) is real and can be represented in the form 
of eq. (3.25). Then, since x*(t) = x(t), we obtain 


+00 
x(t) = = ађе ioo, 


к= –о 
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Replacing k by —k in the summation, we have 
+o 
x(t) = T а“ peto, 
К=—® 
which, by comparison with eq. (3.25), requires that a, = a* ,, or equivalently, that 
a, = а-у. (3.29) 


Note that this is the case in Example 3.2, where the a,’s are in fact real and a, = a. ,. 
To derive the alternative forms of the Fourier series, we first rearrange the summation 
in eq. (3.25) as 
x(t) = ag + X [aze + ае Ir, 
k-1 


Substituting aj for a_, from eq. (3.29), we obtain 
x(t) = ao + X [aeoo + aje Jk] 
k-1 


Since the two terms inside the summation are complex conjugates of each other, this can 
be expressed as 


x(t) = ау + У 26te[a, e^), (3.30) 
k=l 
If a, is expressed in polar form as 
ay = Axel, 

then eq. (3.30) becomes 

x(t) = ag + D WMe{A peo tn}, 

k-1 

That is, 

x(t) = ay + 2 У A, cos(kwot + 04). (3.31) 

k=1 


Equation (3.31) is one commonly encountered form for the Fourier series of real periodic 
signals in continuous time. Another form is obtained by writing a, in rectangular form as 


ак = By + jC, 
where B, and С, are both real. With this expression for a;, eq. (3.30) takes the form 
x(t) = ag + 2`> [By cos kwot — C, sin kwot]. (3.32) 
k-1 


In Example 3.2 the a,’s are all real, so that a, = A, = Ву, and therefore, both represen- 
tations, eqs. (3.31) and (3.32), reduce to the same form, eq. (3.28). 
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Thus, for real periodic functions, the Fourier series in terms of complex exponentials, 
as given in eq. (3.25), is mathematically equivalent to either of the two forms in eqs. (3.31) 
and (3.32) that use trigonometric functions. Although the latter two are common forms for 
Fourier series,’ the complex exponential form of eq. (3.25) is particularly convenient for 
our purposes, so we will use that form almost exclusively. 

Equation (3.29) illustrates one of many properties associated with Fourier series. 
These properties are often quite useful in gaining insight and for computational purposes, 
and in Section 3.5 we collect together the most important of them. The derivation of several 
of them is considered in problems at the end of the chapter. In Section 4.3, we also will 
develop the majority of the properties within the broader context of the Fourier transform. 


3.3.2 Determination of the Fourier Series Representation 
of a Continuous-time Periodic Signal 


Assuming that a given periodic signal can be represented with the series of eq. (3.25), we 
need a procedure for determining the coefficients a,. Multiplying both sides of eq. (3.25) 
by е", we obtain 
+o 
x(the Ineo’ = ae a, eJ oot ет inon, (3.33) 


к= —% 


Integrating both sides from 0 to Т = 2л/во, we have 


T | T += | | 
| x(the 2" dt = | 2. a, eJ кет іт qu 
0 0 


k2-« 


Here, T is the fundamental period of x(t), and consequently, we are integrating over one 
period. Interchanging the order of integration and summation yields 


T +9 Е 
| x(f)e |" dt = У а, | көл) (3.34) 
0 0 


к= -« 


The evaluation of the bracketed integral is straightforward. Rewriting this integral using 
Euler's formula, we obtain 


T "d r 
| eI moot qq = | cos(k — n)wot dt + i| sin(k — n)wot dt. (3.35) 

0 0 0 
For k з n, cos(k—n)wot and sin(k—n)wot are periodic sinusoids with fundamental period 
(T/|k — n|). Therefore, in eq. (3.35), we are integrating over an interval (of length T) that 
is an integral number of periods of these signals. Since the integral may be viewed as 
measuring the total area under the functions over the interval, we see that for k # n, both 
of the integrals on the right-hand side of eq. (3.35) are zero. For k = n, the integrand on 
the left-hand side of eq. (3.35) equals 1, and thus, the integral equals 7. In sum, we then 


have 
v i(k Т, AUS 
JCk—-n)ogt - , 
| Р e P ken’ 


"In fact, in his original work, Fourier used the sine-cosine form of the Fourier series given in eq. (3.32). 
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and consequently, the right-hand side of eq. (3.34) reduces to Ta, Therefore, 


т 
a, = zl х(г)е і" dt, (3.36) 
Т Јо 

which provides the equation for determining the coefficients. Furthermore, note that in 
evaluating eq. (3.35), the only fact that we used concerning the interval of integration 
was that we were integrating over an interval of length 7, which is an integral number of 
periods of cos(k — n)wot and sin(k — n)wot. Therefore, we will obtain the same result if we 
integrate over any interval of length T. That is, if we denote integration over any interval 
of length T by |p, we have 


jik- net е T, к=п 
fe e [à ksn' 


and consequently, 


pad | хде" qr. (3.37) 
Тт 


To summarize, if x(t) has a Fourier series representation [i.e., if it can be expressed 
as a linear combination of harmonically related complex exponentials in the form of eq. 
(3.25)], then the coefficients are given by eq. (3.37). This pair of equations, then, defines 
the Fourier series of a periodic continuous-time signal: 





+2 +2 

x(t) = X apelon = » ае Жетт, (3.38) 
К=—= k=- 

ay = Fl x(the і dt = a хет» др (3.39) 
TL Fl 





Here, we have written equivalent expressions for the Fourier series in terms of the fun- 
damental frequency wo and the fundamental period T. Equation (3.38) is referred to as 
the synthesis equation and eq. (3.39) as the analysis equation. The set of coefficients {а} 
are often called the Fourier series coefficients or the spectral coefficients of х(т).5 These 
complex coefficients measure the portion of the signal x(r) that is at each harmonic of the 
fundamental component. The coefficient ag is the dc or constant component of x(t) and is 
given by eq. (3.39) with k = 0. That is, 


1 
ag, = ТЇ. x(t) dt, (3.40) 


which is simply the average value of x(t) over one period. 
Equations (3.38) and (3.39) were known to both Euler and Lagrange in the mid- 
dle of the 18th century. However, they discarded this line of analysis without having 


"The term “spectral coefficient" is derived from problems such as the spectroscopic decomposition of 
light into spectral lines (i.e., into its elementary components at different frequencies). The intensity of any line in 
such a decomposition is a direct measure of the fraction of the total light energy at the frequency corresponding 
to the line. 
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examined the question of how large a class of periodic signals could, in fact, be represented 
in such a fashion. Before we turn to this question in the next section, let us illustrate the 
continuous-time Fourier series by means of a few examples. 


Example 3.3 
| Consider the signal 
x(t) = sin «ot, 


whose fundamental frequency is оо. One approach to determining the Fourier series 
coefficients for this signal is to apply eq. (3.39). For this simple case, however, it is 
_ easier to expand the sinusoidal signal as a linear combination of complex exponentials 
_ and identify the Fourier series coefficients by inspection. Specifically, we can express 
sin wot as 


1 d. s 
sinwot = e" — е 190. 
Td 2j 


Comparing the right-hand sides of this equation and eq. (3.38), we obtain 


sd. aak 
“= SF -1 = 2j 


dy = 0, ks +10г — I. 
Example 3.4 


Let 


j т 
x(t) = 1+ sinwot + 2cos oot + cos [200 + z} 


__ Which has fundamental frequency wo. As with Example 3.3, we can again expand x(t) 
... directly in terms of complex exponentials, so that 


x(t) =1+ 51е 25 e /#0'7] 4 [eivo! + e і%%!] m [eene + e Iaoi], 
J 
-. Collecting terms, we obtain 


1, 1 ' 1:3 Р ] _. А 
f = + jwot E. - jugt 2 pj(/4) | 5,j2ugt . = =й 7 wot. 
A x(t) = 1+ \ 2j Je + ( 2j Je + (z \ t 5° е 


Thus, the Fourier series coefficients for this example are 


a= 


1 
1 1. 
E. а = (1+ 5) 


а = се! 
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| en 42 
„= = - jini) = —— —j 
а-› = зе 4 (Lj 
ay = 0, |k| 22. 


e In Figure 3.5, we show a bar graph of the magnitude and phase of az. 





| a | 





А Figure 3.5 Plots of the magnitude and phase of the Fourier coefficients of 
= the signal considered in Example 3.4. 


Example 3.5 


The periodic square wave, sketched in Figure 3.6 and defined over one period as 





L Her 


м Р Ti < li| < T/2’ 
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(3.41) 


__ is a signal that we will encounter a number of times throughout this book. This signal is 


_ periodic with fundamental period T and fundamental frequency wọ = 27/T. 





x() 


To determine the Fourier series coefficients for x(t), we use eq. (3.39). Because 
of the symmetry of x(t) about t = 0, it is convenient to choose —7/2 = t < T/2 as the 





Figure 3.6 Periodic square wave. 
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~ interval over which the integration is performed, although any interval of length Т is 
— equally valid and thus will lead to the same result. Using these limits of integration and 
. substituting from eq. (3.41), we have first, for k = 0, 


Ti 
a = т] " di = T. (3.42) 
Tw] 


As mentioned previously, ao is interpreted to be the average value of x(t), which in this 
. case equals the fraction of each period during which x(t) = 1. For К # 0, we obtain 


T, 





P Fhe jkooT 





, 
-Tı 


-which we may rewrite as 





a (3.43) 


2 elkwoT) — ет jog, 
Е kwoT 2j à 


i Noting that the term in brackets is sin КТ, we can express the coefficients a, as 


- 2 sin(kooT|) _ sin(kwoT)) 
kwoT = (ike 





а, k 0, (3.44) 


. where we have used the fact that oT = 2r. 


Figure 3.7 is a bar graph of the Fourier series coefficients for this example. In 
particular, the coefficients are plotted for a fixed value of T, and several values of T. 


. For this specific example, the Fourier coefficients are real, and consequently, they can 
-~ be depicted graphically with only a single graph. More generally, of course, the Fourier 
coefficients are complex, so that two graphs, corresponding to the real and imaginary 
__ parts, or magnitude and phase, of each coefficient, would be required. For T = 47), x(t) 

_ is a square wave that is unity for half the period and zero for half the period. In this case, 
— eT, = 77/2, and from eq. (3.44), 


sin(7rk/2) 
km C 


а, = k #0, (3.45) 
(3.46) 


rom eq. (3.45), a, = 0 for К even and nonzero. Also, sin(7rk/2) alternates between +1 
or successive odd values of К. Therefore, 


1 
а = а = ux 

1 
аз = адз = СЗ? 

1 
üg — o dE > $m 
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| oL 1-91 6 1-1 9— — 

: 20 2 k 
; (a) 

oy yet tte, 

L4 0 4 k 


Figure 3.7 Plots of the scaled Fourier series coefficients Ta, for the pe- 
riodic square wave with 7; fixed and for several values of T: (а) T = 4h; 
(b) T = 85; (c) T = 167,. The coefficients are regularly spaced samples of 
the envelope (2 sin w/;)/w, where the spacing between samples, 27/T, de- 
creases as 7 increases. 


3.4 CONVERGENCE OF THE FOURIER SERIES 


Although Euler and Lagrange would have been happy with the results of Examples 3.3 
and 3.4, they would have objected to Example 3.5, since x(t) is discontinuous while each 
of its harmonic components is continuous. Fourier, on the other hand, considered the same 
example and maintained that the Fourier series representation of the square wave is valid. 
In fact, Fourier maintained that апу periodic signal could be represented by a Fourier 
series. Although this is not quite true, it is true that Fourier series can be used to represent an 
extremely large class of periodic signals, including the square wave and all other periodic 
signals with which we will be concerned in this book and which are of interest in practice. 
To gain an understanding of the square-wave example and, more generally, of the 
question of the validity of Fourier series representations, let us examine the problem of 
approximating a given periodic signal x(t) by a linear combination of a finite number of 
harmonically related complex exponentials—that is, by a finite series of the form 
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N 


xw(t) = 2. a, e*t, (3.47) 
k=-N 


Let ey(t) denote the approximation error; that is, 


+N 


en(t) = x(t) — xw(t) = x(t) — 2. a, eJ oot. (3.48) 
k=-N 


In order to determine how good any particular approximation is, we need to specify a 
quantitative measure of the size of the approximation error. The criterion that we will use 
is the energy in the error over one period: 


Ey = | len)? dt. (3.49) 
Ж 


As shown in Problem 3.66, the particular choice for the coefficients in eq. (3.47) that 
minimize the energy in the error is 


ж ci | х(де— ко" qr. (3.50) 
T Jr 


Comparing eqs. (3.50) and (3.39), we see that eq. (3.50) is identical to the expression used 
to determine the Fourier series coefficients. Thus, if x(t) has a Fourier series representa- 
tion, the best approximation using only a finite number of harmonically related complex 
exponentials is obtained by truncating the Fourier series to the desired number of terms. 
As N increases, new terms are added and Ey decreases. If, in fact, x(t) has a Fourier series 
representation, then the limit of Ey as N — о is zero. 

Let us turn now to the question of when a periodic signal x(t) does in fact have a 
Fourier series representation. Of course, for any signal, we can attempt to obtain a set of 
Fourier coefficients through the use of eq. (3.39). However, in some cases, the integral 
in eq. (3.39) may diverge; that is, the value obtained for some of the a, may be infinite. 
Moreover, even if all of the coefficients obtained from eq. (3.39) are finite, when these 
coefficients are substituted into the synthesis equation (3.38), the resulting infinite series 
may not converge to the original signal x(t). 

Fortunately, there are no convergence difficulties for large classes of periodic signals. 
For example, every continuous periodic signal has a Fourier series representation for which 
the energy Ey in the approximation error approaches 0 as N goes to ~. This is also true 
for many discontinuous signals. Since we will find it very useful to include discontinuous 
signals such as square waves in our discussions, it is worthwhile to investigate the issue 
of convergence in a bit more detail. Specifically, there are two somewhat different classes 
of conditions that a periodic signal can satisfy to guarantee that it can be represented by a 
Fourier series. In discussing these, we will not attempt to provide a complete mathematical 
justification; more rigorous treatments can be found in many texts on Fourier analysis.? 


?See, for example, R. V. Churchill, Fourier Series and Boundary Value Problems, 3rd ed. (New York: 
McGraw-Hill Book Company, 1978); W. Kaplan, Operational Methods for Linear Systems (Reading, MA: 
Addison-Wesley Publishing Company, 1962); and the book by Dym and McKean referenced in footnote 2 of 
this chapter. 
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One class of periodic signals that are representable through the Fourier series is those 
signals which have finite energy over a single period, i.e., signals for which 


| x(t)? dt < =, (3.51) 
я 


When this condition is satisfied, we are guaranteed that the coefficients a, obtained from 
eq. (3.39) are finite. Furthermore, let xy (t) be the approximation to x(t) obtained by using 
these coefficients for |k| < М: 


+N 


xw(t) = 5. apes hoor, (3.52) 
к= № 


Then we are guaranteed that the energy Ey іп the approximation error, as defined in 
eq. (3.49), converges to 0 as we add more and more terms, i.e., as № — oo. That is, if 
we define 


e(t) = x(t)— >, agen", (3.53) 


К=—=® 


then 
| lel? dt = 0. (3.54) 
T 


As we will see in an example at the end of this section, eq. (3.54) does not imply that the 
signal x(t) and its Fourier series representation 


2. a, eJ* o (3.55) 


К=-= 


are equal at every value of t. What it does say is that there is no energy in their difference. 
The type of convergence guaranteed when x(t) has finite energy over a single pe- 
riod is quite useful. In this case eq. (3.54) states that the difference between x(t) and its 
Fourier series representation has zero energy. Since physical systems respond to signal en- 
ergy, from this perspective x(t) and its Fourier series representation are indistinguishable. 
Because most of the periodic signals that we consider do have finite energy over a single 
period, they have Fourier series representations. Moreover, an alternative set of conditions, 
developed by P. L. Dirichlet and also satisfied by essentially all of the signals with which 
we will be concerned, guarantees that x(t) equals its Fourier series representation, except 
at isolated values of t for which x(t) is discontinuous. At these values, the infinite series 
of eq. (3.55) converges to the average of the values on either side of the discontinuity. 
The Dirichlet conditions are as follows: 


Condition 1. Over any period, x(t) must be absolutely integrable; that is, 


| |x(t)| dt < =. (3.56) 
T 
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As with square integrability, this guarantees that each coefficient a, will be finite, since 
|а| = FÍ [x(t)e | dr = Fl |x(r)| dt. 
T js T Jy 
Soif ' 
| |x(t)| dt < c, 
T 


then 
|а| < ve. 


A periodic signal that violates the first Dirichlet condition is 
x(t) = >, 0<7 = 1; 
that is, x(t) is periodic with period 1. This signal is illustrated in Figure 3.8(a). 


Condition 2. In any finite interval of time, x(t) is of bounded variation; that is, there 
are no more than a finite number of maxima and minima during any single period of the 
signal. 

An example of a function that meets Condition | but not Condition 2 is 


x(t) = sin ea О= = I, (3.57) 
as illustrated in Figure 3.8(b). For this function, which is periodic with T = 1, 


І 
| |x(t)| dt < 1. 
0 
The function has, however, an infinite number of maxima and minima in the interval. 


Condition 3. In any finite interval of time, there are only a finite number of discontinu- 
ities. Furthermore, each of these discontinuities is finite. 

An example of a function that violates Condition 3 is illustrated in Figure 3.8(c). The 
signal, of period T = 8, is composed of an infinite number of sections, each of which is 
half the height and half the width of the previous section. Thus, the area under one period of 
the function is clearly less than 8. However, there are an infinite number of discontinuities 
in each period, thereby violating Condition 3. 

As can be seen from the examples given in Figure-3.8, signals that do not satisfy 
the Dirichlet conditions are generally pathological in nature and consequently do not 
typically arise in practical contexts. For this reason, the question of the convergence of 
Fourier series will not play a particularly significant role in the remainder of the book. For 
a periodic signal that has no discontinuities, the Fourier series representation converges 
and equals the original signal at every value of t. For a periodic signal with a finite number 
of discontinuities in each period, the Fourier series representation equals the signal every- 
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x(t) 








x(t) 





(b) 

Figure 3.8 Signals that violate the 

Dirichlet conditions: (a) the signal 

x(t) = 1/t for 0 < t < 1, a peri- 
x(t) odic signal with period 1 (this signal 
violates the first Dirichlet condition); 
(b) the periodic signal of eq. (3.57), 
which violates the second Dirichlet 
condition; (c) a signal periodic with 
period 8 that violates the third Dirichlet 
condition [for 0 = t < 8, the value of 
x(t) decreases by a factor of 2 when- 
ever the distance from f to 8 
decreases by a factor of 2; that is, 
x(t) = 1,0 = t<4, x(t) = 1/2, 
4<t<6, xt) = 14, 6 = t «T, 
(c) x(t) = 1/8, 7 = t « 7.5, ete). 





where except at the isolated points of discontinuity, at which the series converges to the 
average value of the signal on either side of the discontinuity. In this case the difference 
between the original signal and its Fourier series representation contains no energy, and 
consequently, the two signals can be thought of as being the same for all practical pur- 
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poses. Specifically, since the signals differ only at isolated points, the integrals of both 
signals over any interval are identical. For this reason, the two signals behave identically 
under convolution and consequently are identical from the standpoint of the analysis of 
LTI systems. 

To gain some additional understanding of how the Fourier series converges for a 
periodic signal with discontinuities, let us return to the example of a square wave. In 
particular, in 1898,'° an American physicist, Albert Michelson, constructed a harmonic 
analyzer, a device that, for any periodic signal x(t), would compute the truncated Fourier 
series approximation of eq. (3.52) for values of N up to 80. Michelson tested his device on 
many functions, with the expected result that xy (t) looked very much like x(t). However, 
when he tried the square wave, he obtained an important and, to him, very surprising re- 
sult. Michelson was concerned about the behavior he observed and thought that his device 
might have had a defect. He wrote about the problem to the famous mathematical physicist 
Josiah Gibbs, who investigated it and reported his explanation in 1899. 

What Michelson had observed is illustrated in Figure 3.9, where we have shown 
xy(t) for several values of N for x(t), a symmetric square wave (T = 47)). In each case, 
the partial sum is superimposed on the original square wave. Since the square wave satis- 
fies the Dirichlet conditions, the limit as N — © of xy(t) at the discontinuities should be 
the average value of the discontinuity. We see from the figure that this is in fact the case, 
since for any N, xy(t) has exactly that value at the discontinuities. Furthermore, for any 
other value of t, say, t = tı, we are guaranteed that 


lim xw(tj) = x(t). 
N^ 


Therefore, the squared error in the Fourier series representation of the square wave has 
Zero area, as in eqs. (3.53) and (3.54). 

For this example, the interesting effect that Michelson observed is that the behavior 
of the partial sum in the vicinity of the discontinuity exhibits ripples and that the peak am- 
plitude of these ripples does not seem to decrease with increasing N. Gibbs showed that 
these are in fact the case. Specifically, for a discontinuity of unity height, the partial sum 
exhibits a maximum value of 1.09 (i.e., an overshoot of 9% of the height of the discon- 
tinuity), no matter how large N becomes. One must be careful to interpret this correctly, 
however. As stated before, for any fixed value of t, say, t = і, the partial sums will con- 
verge to the correct value, and at the discontinuity they will converge to one-half the sum 
of the values of the signal on either side of the discontinuity. However, the closer [| is cho- 
sen to the point of discontinuity, the larger N must be in order to reduce the error below a 
specified amount. Thus, as N increases, the ripples in the partial sums become compressed 
toward the discontinuity, but for any finite value of N, the peak amplitude of the ripples 
remains constant. This behavior has come to be known as the Gibbs phenomenon. The im- 
plication is that the truncated Fourier series approximation xy(f) of a discontinuous signal 
x(t) will in general exhibit high-frequency ripples and overshoot x(t) near the disconti- 
nuities. If such an approximation is used in practice, a large enough value of N should 
be chosen so as to guarantee that the total energy in these ripples is insignificant. In the 
limit, of course, we know that the energy in the approximation error vanishes and that the 
Fourier series representation of a discontinuous signal such as the square wave converges. 


"The historical information used in this example is taken from the book by Lanczos referenced in foot- 
note 1 of this chapter. 
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Xn(t) Xn(t) 





Xp (t) 





Figure 3.9 Convergence of the Fourier series representation of a square 
wave: an illustration of the Gibbs phenomenon. Here, we have depicted the 
finite series approximation xy(f) = >°,_ ,, aye"! for several values of N. 
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3.5 PROPERTIES OF CONTINUOUS-TIME FOURIER SERIES 


As mentioned earlier, Fourier series representations possess a number of important prop- 
erties that are useful for developing conceptual insights into such representations, and they 
can also help to reduce the complexity of the evaluation of the Fourier series of many sig- 
nals. In Table 3.1 we have summarized these properties, several of which are considered 
in the problems at the end of this chapter. In Chapter 4, in which we develop the Fourier 
transform, we will see that most of these properties can be deduced from corresponding 
properties of the continuous-time Fourier transform. Consequently we limit ourselves here 
to the discussion of several of these properties to illustrate how they may be derived, in- 
terpreted, and used. 

Throughout the following discussion of selected properties from Table 3.1, we will 
find it convenient to use a shorthand notation to indicate the relationship between a peri- 
odic signal and its Fourier series coefficients. Specifically, suppose that x(t) is a periodic 
signal with period T and fundamental frequency оо = 27/T. Then if the Fourier series 
coefficients of x(t) are denoted by ag, we will use the notation 


95 
x(t) —— a, 


to signify the pairing of a periodic signal with its Fourier series coefficients. 


3.5.1 Linearity 
Let x(t) and y(t) denote two periodic signals with period T and which have Fourier series 
coefficients denoted by a, and bg, respectively. That is, 
FS 
x(t) < ay, 
95 
y(t) < dy. 


Since x(t) and y(t) have the same period Т, it easily follows that any linear combination 
of the two signals will also be periodic with period Т. Furthermore, the Fourier series 
coefficients c; of the linear combination of x(t) and y(t), z(t) = Ax(t) + By(t), are given 
by the same linear combination of the Fourier series coefficients for x(t) and y(t). That is, 


99 
z(t) = Ax(t) + By(t) ——9 c, = Aa, + Bb,. (3.58) 


The proof of this follows directly from the application of eq. (3.39). We also note that 
the linearity property is easily extended to a linear combination of an arbitrary number of 
signals with period T. 


3.5.2 Time Shifting 


When a time shift is applied to a periodic signal x(t), the period T of the signal is preserved. 
The Fourier series coefficients b, of the resulting signal y(t) = x(t — to) may be expressed 
as 


b, = z| x(t — toje "dt. (3.59) 
T jr 
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Letting т = f — tọ in the integral, and noting that the new variable т will also range over 
an interval of duration T, we obtain 


; |. x(r)e %®@т+%)Д1т = ейел. ji х(т)е ) "dr (3.60) 


= e јод = еі туьа, 
where a, is the kth Fourier series coefficient of x(t). That is, if 


FS 
x(t) <> ак, 
then 


FS = "m 
x(t — tg) >e ооо gy =e Отд, 


One consequence of this property is that, when а periodic signal is shifted in time, the 
magnitudes of its Fourier series coefficients remain unaltered. That is, |by| = |a]. 


3.5.3 Time Reversal 


The period T of a periodic signal x(t) also remains unchanged when the signal undergoes 
time reversal. To determine the Fourier series coefficients of y(t) = x(—t), let us consider 
the effect of time reversal on the synthesis equation (3.38): 


X74) = > aye JP", (3.61) 
К=—= 
Making the substitution k = —m, we obtain 
y(t) = x(—t) = X qu Qe (3.62) 
т= —%0 


We observe that the right-hand side of this equation has the form of a Fourier series syn- 
thesis equation for х(—/), where the Fourier series coefficients b, are 


b, = a. (3.63) 
That is, if 
x(t) 5, а, 
еп 


95 
x(—t) —— a-k: 


In other words time reversal applied to a continuous-time signal results in a time reversal 
of the corresponding sequence of Fourier series coefficients. An interesting consequence 
of the time-reversal property is that if x(t) is even—that is, if x(—t) = x(r)—then its 
Fourier series coefficients are also even—i.e., a-g = ак. Similarly, if x(t) is odd, so that 
x(—t) = — x(t), then so are its Fourier series coefficients—i.e., a, = —a,. 
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3.5.4 Time Scaling 


Time scaling is an operation that in general changes the period of the underlying signal. 
Specifically, if x(t) is periodic with period T and fundamental frequency wọ = 27/T, 
then x(at), where a is a positive real number, is periodic with period T/a and fundamen- 
tal frequency avo. Since the time-scaling operation applies directly to each of the har- 
monic components of x(t), we may easily conclude that the Fourier coefficients for each 
of those components remain the same. That is, if x(t) has the Fourier series representation 
in eq. (3.38), then 


+оо 
x(at) = > a, e) Kaeo 


К=—® 


is the Fourier series representation of x(at). We emphasize that, while the Fourier coef- 
ficients have not changed, the Fourier series representation has changed because of the 
change in the fundamental frequency. 


3.5.5 Multiplication 
Suppose that x(t) and у(г) are both periodic with period T and that 


FS 

x(t) — ay, 
FS 

y(t) < by. 


Since the product x(t)y(z) is also periodic with period T, we can expand it in a Fourier 
series with Fourier series coefficients h; expressed in terms of those for x(t) and y(t). The 
result is 


x 


x(t)y(t) е5, hy = Y аБк—1. (3.64) 


l2 - 


One way to derive this relationship (see Problem 3.46) is to multiply the Fourier series 
representations of x(t) and y(t) and to note that the kth harmonic component in the product 
will have a coefficient which is the sum of terms of the form a,b, |. Observe that the sum 
on the right-hand side of eq. (3.64) may be interpreted as the discrete-time convolution of 
the sequence representing the Fourier coefficients of x(t) and the sequence representing 
the Fourier coefficients of y(t). 


3.5.6 Conjugation and Conjugate Symmetry 


Taking the complex conjugate of a periodic signal x(t) has the effect of complex conjuga- 
tion and time reversal on the corresponding Fourier series coefficients. That is, if 


gs 
x(t) — ay, 


then 


FS 
x'(t) < а" ,. (3.65) 
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This property is easily proved by applying complex conjugation to both sides of eq. (3.38) 
and replacing the summation variable k by its negative. 

Some interesting consequences of this property may be derived for D real— that 
is, when x(t) = x*(t). In particular, in this case, we see from eq. (3.65) that the Fourier 
series coefficients will be conjugate symmetric, i.e., 


ds c uf (3.66) 


as we previously saw in eq. (3.29). This in turn implies various symmetry properties (listed 
in Table 3.1) for the magnitudes, phases, real parts, and imaginary parts of the Fourier 
series coefficients of real signals. For example, from eq. (3.66), we see that if x(t) is real, 
then ag is real and 


Іа = |a-4l. 


Also, if x(t) is real and even, then, from Section 3.5.3, a, = a-g. However, from eq. (3.66) 
we see that a; = a_,, so that a, = aj. That is, if x(t) is real and even, then so are its 
Fourier series coefficients. Similarly, it can be shown that if x(t) is real and odd, then its 
Fourier series coefficients are purely imaginary and odd. Thus, for example, ао = 0 if x(t) 
is real and odd. This and the other symmetry properties of the Fourier series are examined 
further in Problem 3.42. 


3.5.7 Parseval’s Relation for Continuous-Time Periodic Signals 
As shown in Problem 3.46, Parseval's relation for continuous-time periodic signals is 
І › E 
F| оа = У ар, (3.67) 
T =e 


where the a, are the Fourier series coefficients of x(t) and T is the period of the signal. 
Note that the left-hand side of eq. (3.67) is the average power (i.e., energy per unit 
time) in one period of the periodic signal x(t). Also, 


1 ; 2 
=, [шее 
T Jr 


so that |a,|? is the average power in the kth harmonic component of x(t). Thus, what Par- 
seval’s relation states is that the total average power in a periodic signal equals the sum of 
the average powers in all of its harmonic components. 





dt = $ | la. dt = lal’, (3.68) 
Т Jr 


3.5.8 Summary of Properties of the Continuous-Time 
Fourier Series 


In Table 3.1, we summarize these and other important properties of continuous-time 
Fourier series. 


3.5.9 Examples 


Fourier series properties, such as those listed in Table 3.1, may be used to circumvent some 
of the algebra involved in determining the Fourier coefficients of a given signal. In the next 
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TABLE 3.1 PROPERTIES OF CONTINUOUS-TIME FOURIER SERIES 





Property Section Periodic Signal Fourier Series Coefficients 
x(t) | Periodic with period T and ay 
y(t) | fundamental frequency wọ = 27/T b, 
Linearity 3.5.1 Ax(t) + By(t) Aa, + Bb, 
Time Shifting 3.5.2 x(t — to) | аце vo = ape MIT, 
Frequency Shifting ef Mea! x(t) = gjMOsITY y(g) а-м 
Conjugation 3.5.6 x(t) at. 
Time Reversal 3.5.3 x(—-1) a, 
Time Scaling 3.5.4 x(at), œ > 0 (periodic with period T/a) dj 
Periodic Convolution | x(t) y(t = TdT Tab 
T 
Multiplication 3.5.5 x(t)y(t) S абы 
l=-= 
І ЭЕ dx(t à got 
Differentiation 250 ) /Кооа, = jk T 
— | i ха (finite valued and 1 1 
а, = 
"e" à periodic only if ay = 0) Fran J^ ^ VikQarr) J^* 
Gy =a’, 
Gte(a;]) = Glela. 
Conjugate Symmetry for 3.5.6 x(t) real Smia} = —$mía.,) 
Real Signals а = lai] 
Lay, — Фа k 
Real and Even Signals 3.5.6 x(t) real and even a, real and even 
Real and Odd Signals 3.5.6 x(t) real and odd a, purely imaginary and odd 
Even-Odd Decomposition pe = 6v(x(f)) [x(t) real] {а} 
of Real Signals x,(t) = Od(x(n) [x(r) real] jImta,} 


Parseval’s Relation for Periodic Signals 


"BOT 
q | Obar = > la 
T 


k--* 





three examples, we illustrate this. The last example in this section then demonstrates how 
properties of a signal can be used to characterize the signal in great detail. 


Example 3.6 


Consider the signal g(t) with a fundamental period of 4, shown in Figure 3.10. We 
could determine the Fourier series representation of g(t) directly from the analysis equa- 
tion (3.39). Instead, we will use the relationship of g(t) to the symmetric periodic square 
wave x(t) in Example 3.5. Referring to that example, we see that, with T = 4 and 
Тү = 1, 


g(t) = x(t — 1) – 1/2. (3.69) 
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g(t) 





Figure 3.10 Periodic signal for Example 3.6. 


The time-shift property in Table 3.1 indicates that, if the Fourier Series coefficients of 
x(t) are denoted by ax, the Fourier coefficients of x(t — 1) may be expressed as 


b, = ape Fk”, (3.70) 
The Fourier coefficients of the dc offset in g(t)—i.e., the term — 1/2 on the right-hand 
side of eq. (3.69)—are given by 
| 0, fork #0 
Ch = 


1 Ар, š 
=> fork = 0 


(3.71) 


Applying the linearity property in Table 3.1, we conclude that the coefficients for g(t) 
may be expressed as 


a — 5, fok-20' 


| ае 72, fork 0 
d, = 1 


where each a, may now be replaced by the corresponding expression from eqs. (3.45) 
. and (3.46), yielding 


йт) 2-02 fork #0 
km ы 


dy = | 3.72 
, Е for k = 0 Ө) 


Example 3.7 


_ Consider the triangular wave signal x(t) with period T = 4 and fundamental frequency 
|. во = 7/2 shown in Figure 3.11. The derivative of this signal is the signal g(t) in Exam- 


x(t) 


=2 2 t 


Figure 3.11 Triangular wave signal in Example 3.7. 
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ple 3.6. Denoting the Fourier coefficients of g(t) by d, and those of x(t) by eg, we see 


_ that the differentiation property in Table 3.1 indicates that 


d, = jk(m/2)e,. (8.73) 


This equation can be used to express e, in terms of d,, except when k = 0. Specifically, 
from eq. (3.72), 





„= MAL, ЗЕТ) oen bud (3.74) 
jkm j(emy. 

For К = 0, eo can be determined by finding the area under one period of x(t) and dividing 

by the length of the period: 


— 


e$ — =. 


N 


Example 3.8 


Let us examine some properties of the Fourier series representation of a periodic train of 
impulses, or impulse train. This signal and its representation in terms of complex expo- 
nentials will play an important role when we discuss the topic of sampling in Chapter 7. 
The impulse train with period T may be expressed as 


x(t) = D, б(@— КТ); (3.75) 


k=-x 


it is illustrated in Figure 3.12(a). To determine the Fourier series coefficients ag, we use 
eq. (3.39) and select the interval of integration to be —T/2 = t = T/2, avoiding the 
placement of impulses at the integration limits. Within this interval, x(t) is the same as 
ô(t), and it follo ws that 


ак= = 


TR 1 
T | ӧ()е једу = — (3.76) 


-Tn Т 


In other words, all the Fourier series coefficients of the impulse train are identical. These 
coefficients are also real valued and even (with respect to the index k). This is to be 
expected, since, according to Table 3.1, any real and even signal (such as our impulse 
train) should have real and even Fourier coefficients. 

The impulse train also has a straightforward relationship to square-wave signals 
such as g(t) in Figure 3.6, which we repeat in Figure 3.12(b). The derivative of g(f) is 


_ the signal q(t) illustrated in Figure 3.12(c). We may interpret g(t) as the difference of 


two shifted versions of the impulse train x(t). That is, 


q(t) = x(t + Ti) — x(t — Ti). (3.77) 


__ Using the properties of Fourier series, we can now compute the Fourier series coeffi- 


cients of q(t) and g(t) without any further direct evaluation of the Fourier series analysis 
equation. First, from the time-shifting and linearity properties, we see from eq. (3.77) 
that the Fourier series coefficients b; of g(t) may be expressed in terms of the Fourier 
series coefficients a, of x(t); that is, 


b, = gJ*voT а; = e igi, 
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x(t) 








(с) 


Figure 3.12 (а) Periodic train of impulses; (b) periodic square wave; 
(c) derivative of the periodic square wave in (b). 


where wo = 2т/Т. Using eq. (3.76), we then have 


2j sin(ka@9T |) 


ho zi 
b, = ез — eiT] = T 


Finally, since q(t) is the derivative of g(t), we can use the differentiation property in 
Table 3.1 to write 





b, = }]Кшось, (3.78) 
where the c, are the Fourier series coefficients of g(t). Thus, 


by = 2j sin(kooT|) zi sin(kooT|) 


jkwo jkwoT kar nee, (3:19) 
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Из where we have used the fact that woT = 27. Note that eq. (3.79) is valid for k # 0, 

_ since we cannot solve for co from eq. (3.78) with k = 0. However, since со is just the 
average value of g(t) over one period, we can determine it by inspection from Figure 
3.12(b): 


(3.80) 





Eqs. (3.80) and (3.79) are identical to eqs. (3.42) and (3.44), respectively, for the Fourier 
series coefficients of the square wave derived in Example 3.5. 


The next example is chosen to illustrate the use of many of the properties in 


Table 3.1. 


Example 3.9 


+ Suppose we are given the following facts about a signal x(t): 


1. x(t) is a real signal. 

2. x(t) is periodic with period T = 4, and it has Fourier series coefficients ag. 
3. a, = Ofor |k| > 1. 

4. The signal with Fourier coefficients b, = e~/7*?a_, is odd. 

5. 1, lx(Pdt = 1/2. 


Let us show that this information is sufficient to determine the signal x(t) to within a 
- sign factor. According to Fact 3, х(ї) has at most three nonzero Fourier series coefficients 
ак do, ау, and a_,. Then, since x(t) has fundamental frequency оо = 27/4 = 7/2, it 

follows that 


x(t) = ag + ave"? + ае)". 





i ; Since x(t) is real (Fact 1), we can use the symmetry properties in Table 3.1 to conclude 
. that ао is real and a; = a*_,. Consequently, 










x(t) = ao + ае"? + (аре?) = ag + 2Refa,e/™"}. (3.81) 


j Let us now determine the signal corresponding to the Fourier coefficients b, given 
- in Fact 4. Using the time-reversal property from Table 3.1, we note that a- corresponds 
_ to the signal x(—r). Also, the time-shift property in the table indicates that multiplication 
of the kth Fourier coefficient by e ^7? = e~/**0 corresponds to the underlying signal 
eing shifted by 1 to the right (i.e., having t replaced by t — 1). We conclude that the 
oefficients b, correspond to the signal x(—(t — 1)) = x(—t + 1), which, according to 
Fact 4, must be odd. Since x(t) is real, x(—t + 1) must also be real. From Table 3.1, 
t then follows that the Fourier coefficients of х(— + 1) must be purely imaginary and 
dd. Thus, bọ = Oand b, = — bj. Since time-reversal and time-shift operations cannot 
hange the average power per period, Fact 5 holds even if x(t) is replaced by x(—t + 1). 
That is, 


1 | |х(— + раг = 1/2. (3.82) 
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We can now use Parseval's relation to conclude that 
Ib. P + Iba? = 1/2. (3.83) 


— Substituting bj = —b_, in this equation, we obtain |b;| = 1/2. Since P, is also known 
_ to be purely imaginary, it must be either j/2 or — j/2. 

Now we can translate these conditions on by and b, into equivalent statements on 

ao and a). First, since bọ = 0, Fact 4 implies that ay = 0. With k = 1, this condition 

- implies that a, = e-/7?b_, = — jb., = jb). Thus, if we take b, = j/2, then a, = 

_ —1/2, and therefore, from eq. (3.81), x(t) = — cos(7t/2). Alternatively, if we take b, = 
s – 3/2, thena; = 1/2, and therefore, x(t) = cos(t/2). 


3.6 FOURIER SERIES REPRESENTATION OF DISCRETE-TIME 
PERIODIC SIGNALS 


In this section, we consider the Fourier series representation of discrete-time periodic sig- 
nals. While the discussion closely parallels that of Section 3.3, there are some important 
differences. In particular, the Fourier series representation of a discrete-time periodic sig- 
nalis a finite series, as opposed to the infinite series representation required for continuous- 
time periodic signals. As a consequence, there are no mathematical issues of convergence 
such as those discussed in Section 3.4. 


3.6.1 Linear Combinations of Harmonically Related Complex 
Exponentials 


As defined in Chapter 1, a discrete-time signal x[n] is periodic with period N if 
x[n] = x[n + N]. (3.84) 


The fundamental period is the smallest positive integer N for which eq. (3.84) holds, and 
wo = 211М is the fundamental frequency. For example, the complex exponential e/(?7/"" 
is periodic with period N. Furthermore, the set of all discrete-time complex exponential 
signals that are periodic with period N is given by 


Фп] = eJ» = qQikOTIWn k = 0, +1, +2,.... (3.85) 


All of these signals have fundamental frequencies that are multiples of 277/N and thus are 
harmonically related. 

As mentioned in Section 1.3.3, there are only N distinct signals in the set given 
by eq. (3.85). This is a consequence of the fact that discrete-time complex exponen- 
tials which differ in frequency by a multiple of 27 are identical. Specifically, фо[л] = 
dyin], Ф.п] = фу+1[п], and, in general, 


piln] = фа ,м[п]. (3.86) 


That is, when k is changed by any integer multiple of N, the identical sequence is gener- 
ated. This differs from the situation in continuous time in which the signals ¢;(t) defined 
in eq. (3.24) are all different from one another. 
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We now wish to consider the representation of more general periodic sequences in 
terms of linear combinations of the sequences фу[л] in eq. (3.85). Such a linear combina- 
tion has the form 


x[n] = > ain] eg > ае! өп = D ue N, (3.87) 
k k k 


Since the sequences 6, [n] are distinct only over a range of N successive values of k, the 
summation in eq. (3.87) need only include terms over this range. Thus, the summation is 
on K, as k varies over a range of N successive integers, beginning with any value of k. We 
indicate this by expressing the limits of the summation as k — (N). That is, 


x[n] = Y. акф(п] = >. a, eJ on. = >: agel TIN), (3.88) 


к=(М) k=(N) k=(N) 


For example, k could take on the values k = 0,1,...,N — 1, ork = 3,4,..., N +2. In 
either case, by virtue of eq. (3.86), exactly the same set of complex exponential sequences 
appears in the summation on the right-hand side of eq. (3.88). Equation (3.88) is referred 
to as the discrete-time Fourier series and the coefficients a, as the Fourier series coeffi- 
cients. 


3.6.2 Determination of the Fourier Series Representation 
of a Periodic Signal . 


Suppose now that we are given a sequence x[n] that is periodic with fundamental period 
N. We would like to determine whether a representation of x[n] in the form of eq. (3.88) 
exists and, if so, what the values of the coefficients a, are. This question can be phrased in 
terms of finding a solution to a set of linear equations. Specifically, if we evaluate eq. (3.88) 
for N successive values of n corresponding to one period of x[n], we obtain 


x[0] = >) а, 
k=(N) 
x[1] E ajel THN. 
EA (3.89) 


x[N - 1] = k3 ay eJ27N- WIN. 
k=(N) 


Thus, eq. (3.89) represents a set of N linear equations for the N unknown coefficients a, 
as k ranges over a set of N successive integers. It can be shown that this set of equations 
is linearly independent and consequently can be solved to obtain the coefficients a; in 
terms of the given values of x[n]. In Problem 3.32, we consider an example in which the 
Fourier series coefficients are obtained by explicitly solving the set of N equations given 
in eq. (3.89). However, by following steps parallel to those used in continuous time, it is 
possible to obtain a closed-form expression for the coefficients a, in terms of the values 
of the sequence x[n]. 
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The basis for this result is the fact, shown in Problem 3.54, that 


/КО2т/М)п = N, k = 0, +N, +2N, ы 
2. | | 0, otherwise 8 (3.90) 


Equation (3.90) states that the sum over опе period of the values of а periodic complex 
exponential is zero, unless that complex exponential is a constant. 

Now consider the Fourier series representation of eq. (3.88). Multiplying both sides 
by e /'O7/N and summing over N terms, we obtain 


by x[n]e "Q7" = »3 2. apel ?2т1№п, (3.91) 


n=(N) n=(N) k=(N) 


Interchanging the order of summation on the right-hand side, we have 


>. x[n]e і" "/А" = 5 à, >, eg DQIN)n. (3.92) 


n-(N) k-(N) п=(№) 


From the identity in eq. (3.90), the innermost sum on л on the right-hand side of eq. (3.92) 
is zero, unless k — r is zero or an integer multiple of N. Therefore, if we choose values for 
r over the same range as that over which k varies in the outer summation, the innermost 
sum on the right-hand side of eq. (3.92) equals N if k = r and O if К # r. The right-hand 
side of eq. (3.92) then reduces to Na,, and we have 


a, = x Kk x[n]e 97 N». (3.93) 
n=(N) 


This provides a closed-form expression for obtaining the Fourier series coefficients, 
and we have the discrete-time Fourier series pair: 


5, аце} on ==, E aye TIN) (3.94) 
k=(N) k=(N) 


= x S ax[nje Т = : >, age en (3.95) 
n-(N) n-(N) 





These equations play the same role for discrete-time periodic signals that eqs. (3.38) and 
(3.39) play for continuous-time periodic signals, with eq. (3.94) the synthesis equation and 
eq. (3.95) the analysis equation. As in continuous time, the discrete-time Fourier series 
coefficients a, are often referred to as the spectral coefficients of x[n]. These coefficients 
specify a decomposition of x[n] into a sum of N harmonically related complex exponen- 
tials. 

Referring to eq. (3.88), we see that if we take k in the range from 0 to N — 1, we 
have 


x[n] = аофо[п] + aidi[n] +... + ах-1фу-1[л]. (3.96) 
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Similarly, if k ranges from 1 to N, we obtain 
x[n] = аүф\[п]  a2do[n] +... + angnin]. (3.97) 


From eq. (3.86), poln] = фм[л], and therefore, upon comparing eqs. (3.96) and (3.97), 
we conclude that ay = ay. Similarly, by letting k range over any set of N consecutive 
integers and using eq. (3.86), we can conclude that 


ак = арм. (3.98) 


That is, if we consider more than N sequential values of К, the values a, repeat periodically 
with period N. It is important that this fact be interpreted carefully. In particular, since there 
are only N distinct complex exponentials that are periodic with period N, the discrete- 
time Fourier series representation is a finite series with N terms. Therefore, if we fix the 
N consecutive values of k over which we define the Fourier series in eq. (3.94), we will 
obtain a set of exactly N Fourier coefficients from eq. (3.95). On the other hand, at times 
it will be convenient to use different sets of N values of k, and consequently, it is useful 
to regard eq. (3.94) as a sum over any arbitrary set of N successive values of k. For 
this reason, it is sometimes convenient to think of a, as a sequence defined for all values 
of К, but where only N successive elements in the sequence will be used in the Fourier 
series representation. Furthermore, since the $,[n] repeat periodically with period N as 
we vary k [eq. (3.86)], so must the a; [eq. (3.98)]. This viewpoint is illustrated in the next 
example. 


Example 3.10 


... Consider the signal 





x[n] = sin con, (3.99) 


which is the discrete-time counterpart of the signal x(t) = sin wot of Example 3.3. x[n] 
is periodic only if 27r/wọ is an integer or a ratio of integers. For the case when 27r/woọ is 
an integer №, that is, when 





x[n] is periodic with fundamental period N, and we obtain a result that is exactly analo- 
gous to the continuous-time case. Expanding the signal as a sum of two complex expo- 
nentials, we get 


x[n] = em "T 1-ши, (3.100) 








_ Comparing ед. (3.100) with eq. (3.94), we see by inspection that 


Ө ==: 4G) = “Sz (3.101) 
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and the remaining coefficients over the interval of summation are zero. As described 

_ previously, these coefficients repeat with period N; thus, ay, is also equal to (1/2 j) and 

~ ayp- equals (—1/2j). The Fourier series coefficients for this example with № = 5 are 

. illustrated in Figure 3.13. The fact that they repeat periodically is indicated. However, 
_ only one period is utilized in the synthesis equation (3.94). 





Figure 3.13 Fourier coefficients for x[n] = sin(27/5)n. 


Consider now the case when 277/o is a ratio of integers—that is, when 


"M 27M 
p— TM 

_ Assuming that M and N do not have any common factors, x[n] has a fundamental period 
of N. Again expanding x[n] as a sum of two complex exponentials, we have 


1 /М(2т/М)п __ 1 = jM(2m/ N)n 
27° Are , 


x[n] = 2j 
from which we can determine by inspection that ay = (1/2j), a-m = (—1/2j), and the 
remaining coefficients over one period of length N are zero. The Fourier coefficients 

.. for this example with M = 3 and N = 5 are depicted in Figure 3.14. Again, we have 

_ indicated the periodicity of the coefficients. For example, for N = 5, a» = a_3, which 
- inour example equals (— 1/2 j). Note, however, that over any period of length 5 there are 

: . only two nonzero Fourier coefficients, and therefore there are only two nonzero terms in 

the synthesis equation. 


d 
2j 





Figure 3.14 Fourier coefficients for x[n] = sin 3(22r/5)n. 
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Example 3.11 


Consider the signal 


[n] = 1 + sin Em n + 3cos d n + cos C P 
"ESO N N we Sr 


| _ This signal is periodic with period N, and, as in Example 3.10, we can expand x[n] 
directly in terms of complex exponentials to obtain 


ЖЕ ag 5 e 
x[n] = 1+ эй = ј0я/№һ] 4 ga +e Долу 


+ 1 gitar en 4- g de mni ERI] 
2 . 


Collecting terms, we find that 


3 йү, м 3 1 ; 
= Sade = jQmlN)n aue es. —j(2m/N)n 
x[n] 1+(5 ij 2 2j е 
1 jnl? | ,j2Q2m/N)n 1 = jnl? \ „—]2(2т/М)п 
к 2* e + 3* e . 


Thus the Fourier series coefficients for this example are 





ao = 1, 

2,9 - 53 i. 
тата 
"mo ae ET. 
"US 4 3 y 
ied 

3 

» 
quc 





~ with a, = 0 for other values of k in the interval of summation in the synthesis equa- 
_ tion (3.94). Again, the Fourier coefficients are periodic with period N, so, for example, 
| ay = Lay = 3 + sis and а-у = tj. In Figure 3.15(a) we have plotted the real 
.. and imaginary parts of these coefficients for N = 10, while the magnitude and phase of 
_ the coefficients are depicted in Figure 3.15(b). 


Note that in Example 3.11, a, = a; for all values of k. In fact, this equality holds 
whenever х[л] is real. The property is identical to one that we discussed in Section 3.3 for 
continuous-time periodic signals, and as in continuous time, one implication is that there 
are two alternative forms for the discrete-time Fourier series of real periodic sequences. 
These forms are analogous to the continuous-time Fourier series representations given in 
eqs. (3.31) and (3.32) and are examined in Problem 3.52. For our purposes, the exponential 
form of the Fourier series, as given in eqs. (3.94) and (3.95), is particularly convenient, 
and we will use it exclusively. 
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Figure 3.15 (a) Real and imaginary parts of the Fourier series coefficients 
in Example 3.11; (b) magnitude and phase of the same coefficients. 
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Example 3.12 


_ In this example, we consider the discrete-time periodic square wave shown in Fig- 

_ ure 3.16. We can evaluate the Fourier series for this signal using eq. (3.95). Because 

x[n] = 1 for -N, = п = №, it is particularly convenient to choose the length-N 

__ interval of summation in eq. (3.95) so that it includes the range —N, = n = №]. In this 
_ case, we can express eq. (3.95) as 


М, ' 
a, = x kN eg JQmINY (3.102) 
n--N| 
ШИШИ] ПП 
-N -N, 0 Ny N n 


Figure 3.16  Discrete-time periodic square wave. 


Letting m = n + Nj, we observe that eq. (3.102) becomes 


| 2% 
а = — > е ік2т1№т- №) 
m (3.103) 
1 2№ 
= eg) QnIN)N, = jk(2m/N)m 
= N > ё 1 
т=0 


_ The summation in eq. (3.103) consists of the sum of the first 2N, + 1 terms іп a geometric 
series, which can be evaluated using the result of Problem 1.54. This yields 


_ „-/Ю2л(2Му+1уМ 
І окоттм ( e i ) 





ak = 1 — e JEN) 
] ект) Кот e VIN — o7 ja + U2VNY (3.104) 
(ON е ÍKOMIN) [ejk TNN) — e~ jkQmI2N)] 
_ 1 sin[2mk(N; + 1/2)/N] eae 
= эїп(тЕМ) , k#0,+N, +2N,... 
„апа 
a= =ч l k=0, £N, 20m... (3.105) 


Ex The coefficients a, for 2N, + 1 = 5 are sketched for М = 10, 20, and 40 in Figures 
3.17(a), (b), and (c), respectively. 


In discussing the convergence of the continuous-time Fourier series in Section 3.4, 
we considered the example of a symmetric square wave and observed how the finite sum in 
eq. (3.52) converged to the square wave as the number of terms approached infinity. In par- 
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Figure 3.17 Fourier series coefficients for the periodic square wave of Ex- 
ample 3.12; plots of Na, for 2M, + 1 = 5 and (a) N = 10; (b) N = 20; and 
(c) N — 40. 


ticular, we observed the Gibbs phenomenon at the discontinuity, whereby, as the number 
of terms increased, the ripples in the partial sum (Figure 3.9) became compressed toward 
the discontinuity, with the peak amplitude of the ripples remaining constant independently 
of the number of terms in the partial sum. Let us consider the analogous sequence of partial 
sums for the discrete-time square wave, where, for convenience, we will assume that the 
period N is odd. In Figure 3.18, we have depicted the signals 


M 
а] = 7 aped mon (3.106) 
k=-M 


for the example of Figure 3.16 with N = 9, 2N; + 1 = 5, and for several values of M. 
For M = 4, the partial sum exactly equals x[n]. We see in particular that in contrast to the 
continuous-time case, there are no convergence issues and there is no Gibbs phenomenon. 
In fact, there are no convergence issues with the discrete-time Fourier series in general. 
The reason for this stems from the fact that any discrete-time periodic sequence x[n] is 
completely specified by a finite number N of parameters, namely, the values of the se- 
quence over one period. The Fourier series analysis equation (3.95) simply transforms this 
set of N parameters into an equivalent set—the values of the N Fourier coefficients—and 
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&In] M-1 
-18 -9 0 9 18 n 
(a) 
Хп] M=2 
-18 —9 0 9 18 n 
(b) 
Rin] M=3 
-18 -9 0 9 18 n 
(c) 
Rin] M=4 
Figure 3.18- Partial sums of eqs. 
(3.106) and (3.107) for the periodic 
square wave of Figure 3.16 with 
8 a 9 8 18 ^ N=9and2M +1 = 5: (а) M = 1; 
(d) (b) M = 2; (с) M = 3; (d) M = 4. 


the synthesis equation (3.94) tells us how to recover the values of the original sequence in 
terms of a finite series. Thus, if N is odd and we take M = (N — 1)/2 in eq. (3.106), the 
sum includes exactly N terms, and consequently, from the synthesis equations, we have 
&[n] = x[n]. Similarly, if N is even and we let 


M 
Яп] = > ае", (3.107) 
к= -М+1 


then with М = N/2, this sum consists of N terms, and again, we can conclude from 
eq. (3.94) that ŝ[n] = x[n]. 

In contrast, a continuous-time periodic signal takes on a continuum of values over 
a single period, and an infinite number of Fourier coefficients are required to represent it. 
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Thus, in general, none of the finite partial sums in eq. (3.52) yield the exact values of x(t), 
and convergence issues, such as those considered in Section 3.4, arise as we consider the 
problem of evaluating the limit as the number of terms approaches infinity. 


3.7 PROPERTIES OF DISCRETE-TIME FOURIER SERIES 


There are strong similarities between the properties of discrete-time and continuous-time 
Fourier series. This can be readily seen by comparing the discrete-time Fourier series 
properties summarized in Table 3.2 with their continuous-time counterparts in Table 3.1. 


TABLE 3.2 PROPERTIES OF DISCRETE-TIME FOURIER SERIES 











fundamental frequency wọ = 27/N 


Fourier Series Coefficients 


à, | Periodic with 
b, J period N 


Property Periodic Signal 
x[n] | Periodic with period N and 
yin] 

Linearity Ах[п] + By[n] 


Time Shifting 
Frequency Shifting 
Conjugation 

Time Reversal 


Time Scaling 


Periodic Convolution 


Multiplication 
First Difference 


Running Sum 


Conjugate Symmetry for 
Real Signals 


Real and Even Signals 
Real and Odd Signals 


Even-Odd Decomposition 
of Real Signals 


x[n — no] 

ејМол№" үпү 

x'[n] 

x[-n] 

x[n/m], if nis a multiple of m 

0, if n is not a multiple of m 
(periodic with period mN) 

> alrlyin - rl 

r=(N) 

x[nly[n] 


Xo»ln] = 


x[n] = x[n = 1] 


finite valued and periodic “| 


d am (е а = 0 


x[n] real 


x[n] real and even 

x[n] real and odd 

| x,[n] = 8v(x[n]] [x[n] real] 
Xo[n] = Od(x[n]) [x[n] real] 


Aa, + Bb, 
aye JN 


Ak-M 
a’, 
a-k 
1 а viewed as periodic 
m" Vwith period mN 


Na,b, 


> ajb,-, 


[-(N) 
(1 = e Jn, 


ї 
(a - zs; Jo 


dy = at; 
Refa} = Refa} 
$m(a,) = —Imf{a_,} 
а] = |a-| 
La, = —Xa., 
a, real and even 
ак purely imaginary and odd 
Rela,} 
іта} 


Parseval’s Relation for Periodic Signals 


x 5 Мн = > ар 


n-4N) k=(N) 


222 


Signals and Systems, Second Edition 





The derivations of many of these properties are very similar to those of the corresponding 
properties for continuous-time Fourier series, and several such derivations are considered 
in the problems at the end of the chapter. In addition, in Chapter 5 we will see that most of 
the properties can be inferred from corresponding properties of the discrete-time Fourier 
transform. Consequently, we limit the discussion in the following subsections to only a few 
of these properties, including several that have important differences relative to those for 
continuous time. We also provide examples illustrating the usefulness of various discrete- 
time Fourier series properties for developing conceptual insights and helping to reduce the 
complexity of the evaluation of the Fourier series of many periodic sequences. 

As with continuous time, it is often convenient to use a shorthand notation to indicate 
the relationship between a periodic signal and its Fourier series coefficients. Specifically, 
if x[n] is a periodic signal with period N and with Fourier series coefficients denoted by 
ак, then we will write 


Fs 
x[n] < а. 


3.7.1 Multiplication 


The multiplication property of the Fourier series representation is one example of a prop- 
erty that reflects the difference between continuous time and discrete time. From Table 3.1, 
the product of two continuous-time signals of period T results in a periodic signal with pe- 
riod T whose sequence of Fourier series coefficients is the convolution of the sequences 
of Fourier series coefficients of the two signals being multiplied. In discrete time, suppose 
that 


FS 
x[n] — a, 


and 


FS 
yin] < b, 


are both periodic with period N. Then the product x[n]y[n] is also periodic with period N, 
and, as shown in Problem 3.57, its Fourier coefficients, dg, are given by 


FS 
х{п]у[п] <> d, = У аы. (3.108) 
1=(№) 


Equation (3.108) is analogous to the definition of convolution, except that the summation 
variable is now restricted to an interval of N consecutive samples. As shown in Problem 
3.57, the summation can be taken over any set of N consecutive values of /. We refer to this 
type of operation as a periodic convolution between the two periodic sequences of Fourier 
coefficients. The usual form of the convolution sum (where the summation variable ranges 
from — to ос) is sometimes referred to as aperiodic convolution, to distinguish it from 
periodic convolution. 


3.7.2 First Difference 


The discrete-time parallel to the differentiation property of the continuous-time Fourier 
series involves the use of the first-difference operation, which is defined as x[n] — x[n — 1]. 
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If x[n] is periodic with period N, then so is y[n], since shifting x[n] or linearly combining 
x[n] with another periodic signal whose period is N always results in a periodic signal 
with period N. Also, if 


gs 
x[n] <> ay, 


then the Fourier coefficients corresponding to the first difference of x[n] may be expressed 
as 


T А 
sta] = sia I] as (dE (3.109) 


which is easily obtained by applying the time-shifting and linearity properties in Table 3.2. 
A common use of this property is in situations where evaluation of the Fourier series co- 
efficients is easier for the first difference than for the original sequence. (See Problem 
3.31.) 


3.7.3 Parseval's Relation for Discrete-Time Periodic Signals 


As shown in Problem 3.57, Parseval's relation for discrete-time periodic signals is given 
by 


a (3.110) 





X X bb! = > da 


n=(N) k=(N) 


where the a, are the Fourier series coefficients of x[n] and N is the period. As in the 
continuous-time case; the left-hand side of Parseval’s relation is the average power in one 
period for the periodic signal x[n]. Similarly, |a;|* is the average power in the kth harmonic 
component of x[n]. Thus, once again, Parseval’s relation states that the average power in 
a periodic signal equals the sum of the average powers in all of its harmonic components. 
In discrete time, of course, there are only N distinct harmonic components, and since the 
ак are periodic with period N, the sum on the right-hand side of eq. (3.110) can be taken 
over any N consecutive values of К. 


3.7.4 Examples 


In this subsection, we present several examples illustrating how properties of the discrete- 
time Fourier series can be used to characterize discrete-time periodic signals and to com- 
pute their Fourier series representations. Specifically, Fourier series properties, such as 
those listed in Table 3.2, may be used to simplify the process of determining the Fourier 
series coefficients of a given signal. This involves first expressing the given signal in terms 
of other signals whose Fourier series coefficients are already known or are simpler to com- 
pute. Then, using Table 3.2, we can express the Fourier series coefficients of the given 
signal in terms of the Fourier series coefficients of the other signals. This is illustrated in 
Example 3.13. Example 3.14 then illustrates the determination of a sequence from some 
partial information. In Example 3.15 we illustrate the use of the periodic convolution prop- 
erty in Table 3.2. 
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Example 3.13 


Let us consider the problem of finding the Fourier series coefficients a, of the sequence 
x[n] shown in Figure 3.19(a). This sequence has a fundamental period of 5. We observe 
that x[n] may be viewed as the sum of the square wave x; [n] in Figure 3.19(b) and the 
dc sequence x[n] in Figure 3.19(c). Denoting the Fourier series coefficients of x; [n] by 
b, and those of x;[n] by cy, we use the linearity property of Table 3.2 to conclude that 





ay = by + сү. (3.111) 
2 j x[n] 
1 
-5 0 5 D 
(a) 
| | | | | | | | | | xin] 
0 кылы? 
(b) 
хо[п] 
“LLL LL 
n 


(c) 


Figure 3.19 (a) Periodic sequence x[n] for Example 3.13 and its represen- 
tation as a sum of (b) the square wave x [n] and (c) the dc sequence x [л]. 


From Example 3.12 (with № = 1 and N = 5), the Fourier series coefficients b; corre- 
sponding to x; [n] can be expressed as 


ner, for k #0, +5, +10,... 
be =4 > sinaka) | (3.112) 
5' for К = 0, +5, +10,... 
The sequence x»[n] has only a dc value, which is captured by its zeroth Fourier 
series coefficient: 


1 4 
co = s 2, ln] = 1. (3.113) 


Since the discrete-time Fourier series coefficients are periodic, it follows that c, = 1 
whenever kis an integer multiple of 5. The remaining coefficients of x»[n] must be zero, 
because x2[n] contains only a dc component. We can now substitute the expressions for 
b, and c, into eq. (3.111) to obtain 


at om, fork <0, 355; 310... 
sin(ark/5) . (3.114) 


5, for =й, €5, Ж 10. 
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Example 3.14 


^! Suppose we are given the following facts about a sequence x[n]: 





. x[n] is periodic with period N = 6. 
Sow EP! 
. € (7 D'x[n] = 1. 


. x[n] has the minimum power per period among the set of signals satisfying the 
preceding three conditions. 


A oU Nm 


Let us determine the sequence x[n]. We denote the Fourier series coefficients of x[n] by 
__ ак. From Fact 2, we conclude that ay = 1/3. Noting that (C 1)" = е" = e-JQ7/65n, 

ме see from Fact З that аз = 1/6. From Parseval’s relation (see Table 3.2), the average 
power in x[n] is . 


5 
P = X laf. (3.115) 
k=0 


Since each nonzero coefficient contributes a positive amount to P, and since the values 
of ао and аз are prespecified, the value of P is minimized by choosing a; = a» = a4 = 
as = 0. It then follows that 


x[n] = ao + азе?”" = (1/3) + (1/6)(—1)", (3.116) 
which is sketched in Figure 3.20. 


x[n] 





=2 =] @ 1 2 з n 


Figure 3.20 Sequence x[n] that is consistent with the properties specified 
in Example 3.14. 





Example 3.15 


~ In this example we determine and sketch a periodic sequence, given an algebraic expres- 
sion for its Fourier series coefficients. In the process, we will also exploit the periodic 
convolution property (see Table 3.2) of the discrete-time Fourier series. Specifically, as 
stated in the table and as shown in Problem 3.58, if x[n] and y[n] are periodic with period 
N, then the signal 


win = > x[rbin - ri 
r=(N) 


is also periodic with period М. Here, the summation may be taken over any set of N 
consecutive values of r. Furthermore, the Fourier series coefficients of w[n] are equal to 
Na,b,, where a, and b, are the Fourier coefficients of x[n] and y[n], respectively. 





226 


Signals and Systems, Second Edition 


Suppose now that we are told that a signal w[n] is periodic with a fundamental 
period of N — 7 and with Fourier series coefficients 


in (3ark/7 
122-203 (3.117) 
7 sin" (ark/T) 
We observe that с; = 7d;, where d, denotes the sequence of Fourier series coefficients 
of a square wave x[n], as in Example 3.12, with № = 1 and N = 7. Using the periodic 
convolution property, we see that 


3 


w[n] = hi x[r]x[n = r] = X x[r]x[n = р], (3.118) 


r=(7) r=-3 


where, in the last equality, we have chosen to sum over the interval -3 = r < 3. Except 
for the fact that the sum is limited to a finite interval, the product-and-sum method for 
evaluating convolution is applicable here. In fact, we can convert eq. (3.118) to an ordi- 
nary convolution by defining a signal #[л] that equals x[n] for -3 = п = 3 and is zero 
otherwise. Then, from eq. (3.118), 


3 m 


w[n] = S #7хҳ[п r] = У strix[n - rj. 


r=-3 r=-% 


That is, w[n] is the aperiodic convolution of the sequences [л] and x[n]. 

The sequences x[r], <[r], and х[п— ғ] are sketched in Figure 3.21 (a)-(c). From the 
figure we can immediately calculate w[n]. In particular we see that w[0] = 3; w[-1] = 
w[1] = 2; w[-2] = w[2] = 1; and w[-3] = w[3] = 0. Since w[n] is periodic with 
period 7, we can then sketch w[n] as shown in Figure 3.21(d). 


3.8 FOURIER SERIES AND LTI SYSTEMS 


In the preceding few sections, we have seen that the Fourier series representation can 
be used to construct any periodic signal in discrete time and essentially all periodic 
continuous-time signals of practical importance. In addition, in Section 3.2 we saw that 
the response of an LTI system to a linear combination of complex exponentials takes a 
particularly simple form. Specifically, in continuous time, if x(t) = e" is the input to 
a continuous-time LTI system, then the output is given by y(t) = H(s)e", where, from 
eq. (3.6), 


H(s) = | h(r)e "dr, (3.119) 


—DG 


in which A(t) is the impulse response of the LTI system. " 
Similarly, if x[n] = z” is the input to a discrete-time LTI system, then the output is 
given by y[n] = H(z)z", where, from eq. (3.10), 


+x 
H(z) = У М“, (3.120) 


k=-« 


in which А[А] is the impulse response of the LTI system. 
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Figure 3.21 (а) The square-wave sequence х[г] in Example 3.15; (b) the 
sequence X[r] equal to x[r] for —3 = r = 3 and zero otherwise; (c) the 
sequence x[n — r]; (d) the sequence w[n] equal to the periodic convolution of 
x[n] with itself and to the aperiodic convolution of x[n] with x[n]. 


When s or z are general complex numbers, H(s) and H(z) are referred to as the 
system functions of the corresponding systems. For continuous-time signals and systems 
in this and the following chapter, we focus on the specific case in which Re{s} = 0, so that 
s = јо, and consequently, e* is of the form e/“'. This input is a complex exponential at 
frequency w. The system function of the form s = jw—i.e., H(jw) viewed as a function 
of w—is referred to as the frequency response of the system and is given by 


H(jo) = | 


+= 


htjet” dt. (3.121) 
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Similarly, for discrete-time signals and systems, we focus in this chapter and in 
Chapter 5 on values of z for which |z| = 1, so that z = e/^ and z” is of the form e/””. 
Then the system function H(z) for z restricted to the form z = e/" is referred to as the 
frequency response of the system and is given by 


Н(е!®) = X h[n]e ?"". (3.122) 


п=—= 


The response of ап LTI system to a complex exponential signal of the form e/^' (in 
continuous time) or e/^" (in discrete time) is particularly simple to express in terms of the 
frequency response of the system. Furthermore, as a result of the superposition property 
for LTI systems, we can express the response of an LTI system to a linear combination 
of complex exponentials with equal ease. In Chapters 4 and 5, we will see how we can 
use these ideas together with continuous-time and discrete-time Fourier transforms to an- 
alyze the response of LTI systems to aperiodic signals. In the remainder of this chapter, 
as a first look at this important set of concepts and results, we focus on interpreting and 
understanding this notion in the context of periodic signals. 

Consider first the continuous-time case, and let x(t) be a periodic signal with a 
Fourier series representation given by 


+00 
x(t) = У ape, (3.123) 


k2-« 


Suppose that we apply this signal as the input to an LTI system with impulse response 
h(t). Then, since each of the complex exponentials in eq. (3.123) is an eigenfunction of 
the system, as in eq. (3.13) with s, = jkwo, it follows that the output is 


+2 


y(t) = У a, H(jko,)e "ot, (3.124) 


k= -x 


Thus, y(t) is also periodic with the same fundamental frequency as x(t). Furthermore, if 
{ак} is the set of Fourier series coefficients for the input x(t), then {a,H(jkwo)} is the 
set of coefficients for the output y(t). That is, the effect of the LTI system is to modify 
individually each of the Fourier coefficients of the input through multiplication by the 
value of the frequency response at the corresponding frequency. 


Example 3.16 


Suppose that the periodic signal х(/) discussed in Example 3.2 is the input signal to an 
LTI system with impulse response 


h(t) = е ‘u(t). 
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To calculate the Fourier series coefficients of the output y(t), we first compute the fre- 
quency response: 


Н(јо) - | ete "dr 
0 


2 


= L о-то-јәт (3.125) 


um —е "е 
1+ jw 0 


A 1 

Тж jo 
Therefore, using eqs. (3.124) and (3.125), together with the fact that wọ = 277 in this 
example, we obtain 








+3 
y(t) = У b,el?m, (3.126) 
k=-3 
- with by = a,H(jk27), so that 
bo = 1; 
if 1 if i 
„= At vs) га sli Je} 


1/1 if 1 
$2 TA "e ШЕН 3.127 
Ы is uw ы ils E ne" 


1 1 1 1 
a slve) = s = 


Note that у(ї) must be a real-valued signal, since it is the convolution of x(t) and A(t), 
which are both real. This can be verified by examining eq. (3.127) and observing that 
b; = b_,. Therefore, y(r) can also be expressed in either of the forms given in eqs. (3.31) 
and (3.32); that is, 





3 
y(t) = 1- 25». D, cos (2arkt + 01), (3.128) 
k=1 
or 
3 
y(t) = 1+ 25 [E, cos 2arkt — F, sin 27Kt], (3.129) 
к= 1 
where 
b, = Dye! = Ey ЈЕ, К = 1,2,3. (3.130) 


These coefficients can be evaluated directly from eq. (3.127). For example, 


1 


D; = bil = ———., 6, = Xb, = —tan (2л), 
1 = 101] а ; f 7) 

1 т 
Rte лгу Т=Р= aT 
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In discrete time, the relationship between the Fourier series coefficients of the input 
and output of an LTI system exactly parallels eqs. (3.123) and (3.124). Specifically, let 
x[n] be a periodic signal with Fourier series representation given by 


x[n] = Ж, a, eJ ч, 


k=(N) 


If we apply this signal as the input to an LTI system with impulse response А[л], then, as 
in eq. (3.16) with z, = e/*?7/%), the output is 


yin = >, agli (e? Njel CANN, (3.131) 
k=(N) 


Thus, y[n] is also periodic with the same period as x[n], and the kth Fourier coefficient of 
y[n] is the product of the kth Fourier coefficient of the input and the value of the frequency 
response of ће LTI system, H (e/?""/^), at the corresponding frequency. 


Example 3.17 


Consider an LTI system with impulse response h[n] = o"u[n], -1 < a < 1, and with 
the input 


x[n] = cos e.) (3.132) 


As in Example 3.10, x[n] can be written in Fourier series form as 


l, er 
x[n] = gem» 4 5° jQmIN)n. 


Also, from eq. (3.122), 


n-0 n-0 


|. This geometric series can be evaluated using the result of Problem 1.54, yielding 


А 1 
Н(е?°) = 1-ae е (3.134) 


Using eq. (3.131), we then obtain the Fourier series for the output: 


y[n] = diia ЕЕ 5H (е жалдын» 


Н 
(3.135) 
(т=ш= aaa _— je + ; (serene etm 


NI NIE 
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If we write 


then eq. (3.135) reduces to 


y[n] = rcos Ga $ o) (3.136) 


For example, if N = 4, 


1 1 = 1 ејб tan M 


l-—ae P74 ltaj EFF: 





and thus, 





We note that for expressions such as eqs. (3.124) and (3.131) to make sense, the 
frequency responses H(jw) and H(e/^) in eqs. (3.121) and (3.122) must be well defined 
and finite. As we will see in Chapters 4 and 5, this will be the case if the LTI systems 
under consideration are stable. For example, the LTI system in Example 3.16, with impulse 
response h(t) = e 'u(t), is stable and has a well-defined frequency response given by 
eq. (3.125). On the other hand, an LTI system with impulse response h(t) = e'u(t) is 
unstable, and it is easy to check that the integral in eq. (3.121) for H( jw) diverges for 
any value of о. Similarly, the LTI system in Example 3.17, with impulse response h[n] = 
a" u[n], is stable for |a| < 1 and has frequency response given by eq. (3.134). However, 
if |a| > 1, the system is unstable, and then the summation in eq. (3.133) diverges. 


3.9 FILTERING 


In a variety of applications, it is of interest to change the relative amplitudes of the fre- 
quency components in a signal or perhaps eliminate some frequency components entirely, 
a process referred to as filtering. Linear time-invariant systems that change the shape of the 
spectrum are often referred to as frequency-shaping filters. Systems that are designed to 
pass some frequencies essentially undistorted and significantly attenuate or eliminate oth- 
ers are referred to as frequency-selective filters. As indicated by eqs. (3.124) and (3.131), 
the Fourier series coefficients of the output of an LTI system are those of the input multi- 
plied by the frequency response of the system. Consequently, filtering can be conveniently 
accomplished through the use of LTI systems with an appropriately chosen frequency re- 
sponse, and frequency-domain methods provide us with the ideal tools to examine this 
very important class of applications. In this and the following two sections, we take a first 
look at filtering through a few examples. 
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3.9.1 Frequency-Shaping Filters 


One application in which frequency-shaping filters are often encountered is audio sys- 
tems. For example, LTI filters are typically included in such systems to permit the listener 
to modify the relative amounts of low-frequency energy (bass) and high-frequency en- 
ergy (treble). These filters correspond to LTI systems whose frequency responses can be 
changed by manipulating the tone controls. Also, in high-fidelity audio systems, a so-called 
equalizing filter is often included in the preamplifier to compensate for the frequency- 
response characteristics of the speakers. Overall, these cascaded filtering stages are fre- 
quently referred to as the equalizing or equalizer circuits for the audio system. Figure 3.22 
illustrates the three stages of the equalizer circuits for one particular series of audio speak- 
ers. In this figure, the magnitude of the frequency response for each of these stages is shown 
on a log-iog plot. Specifically, the magnitude is in units of 20 log), |H(jw)|, referred to as 
decibels or dB. The frequency axis is labeled in Hz (1.е., 0/27) along a logarithmic scale. 
As will be discussed in more detail in Section 6.2.3, a logarithmic display of the magnitude 
of the frequency response in this form is common and useful. 

Taken together, the equalizing circuits in Figure 3.22 are designed to compensate for 
the frequency response of the speakers and the room in which they are located and to allow 
the listener to control the overall frequency response. In particular, since the three systems 
are connected in cascade, and since each system modifies a complex exponential input 
Кеј“! by multiplying it by the system frequency response at that frequency, it follows that 
the overall frequency response of the cascade of the three systems is the product of the three 
frequency responses. The first two filters, indicated in Figures 3.22(a) and (b), together 
make up the control stage of the system, as the frequency behavior of these filters can be 
adjusted by the listener. The third filter, illustrated in Figure 3.22(c), is the equalizer stage, 
which has the fixed frequency response indicated. The filter in Figure 3.22(a) is a low- 
frequency filter controlled by a two-position switch, to provide one of the two frequency 
responses indicated. The second filter in the control stage has two continuously adjustable 
slider switches to vary the frequency response within the limits indicated in Figure 3.22(b). 

Another class of frequency-shaping filters often encountered is that for which the 
filter output is the derivative of the filter input, i.e., y(t) = dx(t)/dt. With x(t) of the form 
x(t) = e/^', y(t) will be y(t) = joe/^', from which it follows that the frequency response 
is 


H(jw) = jo. (3.137) 


The frequency response characteristics of a differentiating filter are shown in Figure 3.23. 
Since H( jw) is complex in general, and in this example in particular, Н ( jw) is frequently 
displayed (as in the figure) as separate plots of |H(jw)| and <H(jw). The shape of this fre- 
quency response implies that a complex exponential input e/^' will receive greater ampli- 
fication for larger values of w. Consequently, differentiating filters are useful in enhancing 
rapid variations or transitions in a signal. 

One purpose for which differentiating filters are often used is to enhance edges in 
picture processing. A black-and-white picture can be thought of as a two-dimensional 
“continuous-time” signal x(t), t2), where t, and г> are the horizontal and vertical coordi- 
nates, respectively, and x(t), t2) is the brightness of the image. If the image is repeated 
periodically in the horizontal and vertical directions, then it can be represented by a two- 
dimensional Fourier series (see Problem 3.70) consisting of sums of products of complex 
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Figure 3.22  Magnitudes of the frequency responses of the equalizer 
circuits for one particular series of audio speakers, shown on a scale of 
201090 |H(jw)|, which is referred to as a decibel (or dB) scale. (a) Low- 
frequency filter controlled by a two-position switch; (b) upper and lower 
frequency limits on a continuously adjustable shaping filter; (c) fixed 
frequency response of the equalizer stage. 
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Figure 3.23 Characteristics of the 
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E the output is the derivative of the in- 


put. 


exponentials, e°!" and e/*?^, that oscillate at possibly different frequencies in each of 
the two coordinate directions. Slow variations in brightness in a particular direction are 
represented by the lower harmonics in that direction. For example, consider an edge cor- 
responding to a sharp transition in brightness that runs vertically in an image. Since the 
brightness is constant or slowly varying along the edge, the frequency content of the edge 
in the vertical direction is concentrated at low frequencies. In contrast, since there is an 
abrupt variation in brightness across the edge, the frequency content of the edge in the 
horizontal direction is concentrated at higher frequencies. Figure 3.24 illustrates the effect 
on an image of the two-dimensional equivalent of a differentiating filter.!! Figure 3.24(a) 
shows two original images and Figure 3.24(b) the result of processing those images with 
the filter. Since the derivative at the edges of a picture is greater than in regions where the 
brightness varies slowly with distance, the effect of the filter is to enhance the edges. 

Discrete-time LTI filters also find a broad array of applications. Many of these in- 
volve the use of discrete-time systems, implemented using general- or special-purpose 
digital processors, to process continuous-time signals, a topic we discuss at some length in 
Chapter 7. In addition, the analysis of time series information, including demographic data 
and economic data sequences such as the stock market average, commonly involves the 
use of discrete-time filters. Often the long-term variations (which correspond to low fre- 
quencies) have a different significance than the short-term variations (which correspond to 
high frequencies), and it is useful to analyze these components separately. Reshaping the 
relative weighting of the components is typically accomplished using discrete-time filters. 

As one example of a simple discrete-time filter, consider an LTI system that succes- 
sively takes a two-point average of the input values: 


у[п] = 504и] + x[n — 1]. (3.138) 


"Specifically each image in Figure 3.24(b) is the magnitude of the two-dimensional gradient of its 
counterpart image in Figure 3.24(a) where the magnitude of the gradient of f (x, y) is 


[e] euo 


Chapter 3 Fourier Series Representation of Periodic Signals 235 





Figure 3.24 Effect of a differentiating filter on an image: (a) two original images; 
(b) the result of processing the original images with a differentiating filter. 


In this case A[n] = 5(б[л] + ô[n — 1]), and from eq. (3.122), we see that the frequency 
response of the system is 


Н(е?®) = jn «e 9] = eJ"? cos(w/2). (3.139) 


The magnitude of H(e/^) is plotted in Figure 3.25(a), and <H(e/“) is shown in Figure 
3.25(b). As discussed in Section 1.3.3, low frequencies for discrete-time complex expo- 
nentials occur near « = 0, +27, +4т,..., and high frequencies nearw = +7,+37,.... 
This is a result of the fact that e^ *?7" = ejen, so that in discrete time we need only con- 
sider a 27r interval of values of @ in order to cover a complete range of distinct discrete- 
time frequencies. As a consequence, any discrete-time frequency responses Н (е/°) must 
be periodic with period 2r, a fact that can also be deduced directly from eq. (3.122). 

For the specific filter defined in eqs. (3.138) and (3.139), we see from Figure 3.25(a) 
that |H(e/”)| is large for frequencies near w = 0 and decreases as we increase |w| toward 
т, indicating that higher frequencies are attentuated more than lower ones. For exam- 
ple, if the input to this system is constant—i.e., a zero-frequency complex exponential 
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IH(e™)| 


Figure 3.25 (а) Magnitude and 
(b) phase for the frequency response 
of the discrete-time LTI system 

(b) yin] = 1/2(x[n] + x[n — 1]). 


x[n] = Кеј" = K— then the output will be 
yin] = H(e^?)Kej^"" = K = x[n]. 


On the other hand, if the input is the high-frequency signal x[n] = Ke/"" = K(—1)", 
then the output will be 


yin] = Н(еі")Ке)"" = 0. 


Thus, this system separates out the long-term constant value of a signal from its high- 
frequency fluctuations and, consequently, represents a first example of frequency-selective 
filtering, a topic we look at more carefully in the next subsection. 


3.9.2 Frequency-Selective Filters 


Frequency-selective filters are a class of filters specifically intended to accurately or 
approximately select some bands of frequencies and reject others. The use of frequency- 
selective filters arises in a variety of situations. For example, if noise in an audio recording 
is in a higher frequency band than the music or voice on the recording is, it can be 
removed by frequency-selective filtering. Another important application of frequency- 
selective filters is in communication systems. As we discuss in detail in Chapter 8, the 
basis for amplitude modulation (AM) systems is the transmission of information from 
many different sources simultaneously by putting the information from each channel into 
a separate frequency band and extracting the individual channels or bands at the receiver 
using frequency-selective filters. Frequency-selective filters for separating the individual 
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channels and frequency-shaping filters (such as the equalizer illustrated in Figure 3.22) 
for adjusting the quality of the tone form a major part of any home radio and television 
receiver. 

While frequency selectivity is not the only issue of concern in applications, its broad 
importance has led to a widely accepted set of terms describing the characteristics of 
frequency-selective filters. In particular, while the nature of the frequencies to be passed 
by a frequency-selective filter varies considerably from application to application, several 
basic types of filter are widely used and have been given names indicative of their func- 
tion. For example, a lowpass filter is a filter that passes low frequencies—i.e., frequencies 
around w = 0—апа attenuates or rejects higher frequencies. A highpass filter is a filter 
that passes high frequencies and attentuates or rejects low ones, and a bandpass filter is a 
filter that passes a band of frequencies and attenuates frequencies both higher and lower 
than those in the band that is passed. In each case, the cutoff frequencies are the frequen- 
cies defining the boundaries between frequencies that are passed and frequencies that are 
rejected —41.e., the frequencies іп the passband and stopband. 

Numerous questions arise in defining and assessing the quality of a frequency- 
selective filter. How effective is the filter at passing frequencies in the passband? How 
effective is it at attentuating frequencies in the stopband? How sharp is the transition 
near the cutoff frequency—i.e., from nearly free of distortion in the passband to highly 
attenuated in the stopband? Each of these questions involves a comparison of the charac- 
teristics of an actual frequency-selective filter with those of a filter with idealized behavior. 
Specifically, an ideal frequency-selective filter is a filter that exactly passes complex ex- 
ponentials at one set of frequencies without any distortion and completely rejects signals 
at all other frequencies. For example, a continuous-time ideal lowpass filter with cutoff 
frequency о, is an LTI system that passes complex exponentials e/*' for values of w in the 
range —w,. = w = о, and rejects signals at all other frequencies. That is, the frequency 
response of a continuous-time ideal lowpass filter is 


1, у = we 


0, l|e|»ov. ' eon» 


H(jw) = | 
as shown in Figure 3.26. 


Н(јо) 
1 


—о 0 ос [m 


~—Stopband—+|—Passband—+|+—stopband—> Figure 3.26 Frequency response of 
an ideal lowpass filter. 


Figure 3.27(a) depicts the frequency response of an ideal continuous-time highpass 
filter with cutoff frequency wc, and Figure 3.27(b) illustrates an ideal continuous-time 
bandpass filter with lower cutoff frequency о „у and upper cutoff frequency о сз. Note that 
each of these filters is symmetric about w = 0, and thus, there appear to be two passbands 
for the highpass and bandpass filters. This is a consequence of our having adopted the 
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Figure 3.27 (a) Frequency re- 
8.2 =t "us Wen w sponse of an ideal highpass filter; 
(b) frequency response of an ideal 
(b) bandpass filter. 


use of the complex exponential signal e/^', rather than the sinusoidal signals sin «t and 
cos wt, at frequency w. Since e/"' = coswt+ j sinwt and e /"' = coswt— j sin wt, both 
of these complex exponentials are composed of sinusoidal signals at the same frequency w. 
For this reason, we usually define ideal filters so that they have the symmetric frequency 
response behavior seen in Figures 3.26 and 3.27. | 

In a similar fashion, we can define the corresponding set of ideal discrete-time 
frequency-selective filters, the frequency responses for which are depicted in Figure 3.28. 


Н(е!®) 
1 
—2n ш; -os 0 в т 2*9 w 
(a) 
H(e'") 
—-27 -т т 2-0 w 
(б) 
Н(е/®) 
27 же 2 | cem œ Figure 3.28  Discrete-time ideal 


frequency-selective filters: (a) lowpass; 
(c) (b) highpass; (c) bandpass. 
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In particular, Figure 3.28(a) depicts an ideal discrete-time lowpass filter, Figure 3.28(b) 
is an ideal highpass filter, and Figure 3.28(c) is an ideal bandpass filter. Note that, as 
discussed in the preceding section, the characteristics of the continuous-time and discrete- 
time ideal filters differ by virtue of the fact that, for discrete-time filters, the frequency 
response Н (е/°) must be periodic with period 27r, with low frequencies near even multi- 
ples of 7 and high frequencies near odd multiples of лт. 

As we will see on numerous occasions, ideal filters are quite useful in describing ide- 
alized system configurations for a variety of applications. However, they are not realizable 
in practice and must be approximated. Furthermore, even if they could be realized, some of 
the characteristics of ideal filters might make them undesirable for particular applications, 
and a nonideal filter might in fact be preferable. 

In detail, the topic of filtering encompasses many issues, including design and imple- 
mentation. While we will not delve deeply into the details of filter design methodologies, 
in the remainder of this chapter and the following chapters we will see a number of other 
examples of both continuous-time and discrete-time filters and will develop the concepts 
and techniques that form the basis of this very important engineering discipline. 


3.10 EXAMPLES OF CONTINUOUS-TIME FILTERS DESCRIBED 
BY DIFFERENTIAL EQUATIONS 


In many applications, frequency-selective filtering is accomplished through the use of LTI 
systems described by linear constant-coefficient differential or difference equations. The 
reasons for this are numerous. For example, many physical systems that can be inter- 
preted as performing filtering operations are characterized by differential or difference 
equations. А good example of this that we will examine in Chapter 6 is an automobile 
suspension system, which in part is designed to filter out high-frequency bumps and ir- 
regularities in road surfaces. A second reason for the use of filters described by differen- 
tial or difference equations is that they are conveniently implemented using either analog 
or digital hardware. Furthermore, systems described by differential or difference equa- 
tions offer an extremely broad and flexible range of designs, allowing one, for example, 
to produce filters that are close to ideal or that possess other desirable characteristics. In 
this and the next section, we consider several examples that illustrate the implementation 
of continuous-time and discrete-time frequency-selective filters through the use of dif- 
ferential and difference equations. In Chapters 4—6, we will see other examples of these 
classes of filters and will gain additional insights into the properties that make them so use- 
ful. 


3.10.1 A Simple RC Lowpass Filter 


Electrical circuits are widely used to implement continuous-time filtering operations. One 
of the simplest examples of such a circuit is the first-order RC circuit depicted in Fig- 
ure 3.29, where the source voltage v,(t) is the system input. This circuit can be used to 
perform either a lowpass or highpass filtering operation, depending upon what we take 
as the output signal. In particular, suppose that we take the capacitor voltage v,(t) as the 
output. In this case, the output voltage is related to the input voltage through the linear 
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+ v(t) = 


Vg (t) 





Figure 3.29 First-order AC filter. 


constant-coefficient differential equation 


dve(t) 


RC 3 





+ velt) = v(t). (3.141) 


Assuming initial rest, the system described by eq. (3.141) is LTI. In order to determine 
its frequency response H (jw), we note that, by definition, with input voltage v,(t) = e/"', 
we must have the output voltage ve(t) = H(jw)e/'. If we substitute these expressions into 
eq. (3.141), we obtain 


RC UH Gaye" + H(jw)e!" = ей, (8192) 


ог 
RC jwH(jw)e! + H(jo)e/"' = e, (3.143) 


from which it follows directly that 


| 1 | 
j Jot — jot 
H(jo)e DE RCjo" ; (3.144) 
or 
Н(јо) = -—— (3.145) 
1 = Т бр i 


The magnitude and phase of the frequency response H(jw) for this example are 
shown in Figure 3.30. Note that for frequencies near = 0,|H(jw)| = 1, while for larger 
values of w (positive or negative), |H(jw)| is considerably smaller and in fact steadily 
decreases as |w| increases. Thus, this simple RC filter (with v,(f) as output) is a nonideal 
lowpass filter. 

To provide a first glimpse at the trade-offs involved in filter design, let us briefly 
consider the time-domain behavior of the circuit. In particular, the impulse response of the 
system described by eq. (3.141) is 


_ d -t/RC 
h(t) = RC u(t), (3.146) 
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Figure 3.30 (a) Magnitude and (b) phase plots for the frequency response 
for the RC circuit of Figure 3.29 with output v,(f). 


and the step response is 
s(t) = [1 — e" qun), (3.147) 


both of which are plotted in Figure 3.31 (where 7 — RC). Comparing Figures 3.30 and 
3.31, we see a fundamental trade-off. Specifically, suppose that we would like our filter 
to pass only very low frequencies. From Figure 3.30(a), this implies that 1/RC must be 
small, or equivalently, that RC is large, so that frequencies other than the low ones of 
interest will be attentuated sufficiently. However, looking at Figure 3.31(b), we see that 
if RC is large, then the step response will take a considerable amount of time to reach its 
long-term value of 1. That is, the system responds sluggishly to the step input. Conversely, 
if we wish to have a faster step response, we need a smaller value of RC, which in turn 
implies that the filter will pass higher frequencies. This type of trade-off between behavior 
in the frequency domain and in the time domain is typical of the issues arising in the design 
and analysis of LTI systems and filters and is a subject we will look at more carefully in 
Chapter 6. 


3.10.2 A Simple RC Highpass Filter 


As an alternative to choosing the capacitor voltage as the output in our RC circuit, we can 
choose the voltage across the resistor. In this case, the differential equation relating input 
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Figure 3.31 (а) Impulse response 
of the first-order RC lowpass filter with 
T — RC; (b) step response of RC low- 
(b) pass filter with т = RC. 


and output is 


dv;(t) 


RC a 


+v,(t) = RC (3.148) 


dv,(t) 
dt 
We can find the frequency response G( jw) of this system in exactly the same way we did 
in the previous case: If v,(r) = e/^', then we must һауе v,(t) = G(j«)e/^'; substituting 

these expressions into eq. (3.148) and performing a bit of algebra, we find that 


joRC 


Go) = TT RC 


(3.149) 
The magnitude and phase of this frequency response are shown in Figure 3.32. From the 
figure, we see that the system attenuates lower frequencies and passes higher frequencies— 
i.e., those for which |w| >> 1/RC— with minimal attenuation. That is, this system acts as 
a nonideal highpass filter. 

As with the lowpass filter, the parameters of the circuit control both the frequency 
response of the highpass filter and its time response characteristics. For example, consider 
the step response for the filter. From Figure 3.29, we see that v,(t) = v,(t) — v. (t). Thus, 
if v(t) = u(t), v. (t) must be given by eq. (3.147). Consequently, the step response of the 
highpass filter is 


v(t) = e YRC y(t), (3.150) 


which is depicted in Figure 3.33. Consequently, as RC is increased, the response becomes 
more sluggish—i.e., the step response takes a longer time to reach its long-term value 


v(t) 


œ |= 
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Figure 3.32 (а) Magnitude and (b) phase plots for the frequency response 
of the RC circuit of Figure 3.29 with output v,(t). 


Figure 3.33 Step response of the 
RC t first-order RC highpass filter with 
т = RC. 


of 0. From Figure 3.32, we see that increasing RC (or equivalently, decreasing 1/RC) 
also affects the frequency response, specifically, it extends the passband down to lower 
frequencies. 

We observe from the two examples in this section that a simple RC circuit can serve 
as a rough approximation to a highpass or a lowpass filter, depending upon the choice of the 
physical output variable. As illustrated in Problem 3.71, a simple mechanical system using 
a mass and a mechanical damper can also serve as a lowpass or highpass filter described by 
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analogous first-order differential equations. Because of their simplicity, these examples of 
electrical and mechanical filters do not have a sharp transition from passband to stopband 
and, in fact, have only a single parameter (namely, RC in the electrical case) that con- 
trols both the frequency response and time response behavior of the system. By designing 
more complex filters, implemented using more energy storage elements (capacitances and 
inductances in electrical filters and springs and damping devices in mechanical filters), 
we obtain filters described by higher order differential equations. Such filters offer con- 
siderably more flexibility in terms of their characteristics, allowing, for example, sharper 
passband-stopband transition or more control over the trade-offs between time response 
and frequency response. 


3.11 EXAMPLES OF DISCRETE-TIME FILTERS DESCRIBED 


BY DIFFERENCE EQUATIONS 


As with their continuous-time counterparts, discrete-time filters described by linear 
constant-coefficient difference equations are of considerable importance in practice. In- 
deed, since they can be efficiently implemented in special- or general-purpose digital 
systems, filters described by difference equations are widely used in practice. As in al- 
most all aspects of signal and system analysis, when we examine discrete-time filters 
described by difference equations, we find both strong similarities and important differ- 
ences with the continuous-time case. In particular, discrete-time LTI systems described 
by difference equations can either be recursive and have impulse responses of infinite 
length (ПК systems) or be nonrecursive and have finite-length impulse responses (FIR 
systems). The former are the direct counterparts of continuous-time systems described 
by differential equations illustrated in the previous section, while the latter are also of 
considerable practical importance in digital systems. These two classes have distinct sets 
of advantages and disadvantages in terms of ease of implementation and in terms of the 
order of filter or the complexity required to achieve particular design objectives. In this 
section we limit ourselves to a few simple examples of recursive and nonrecursive filters, 
while in Chapters 5 and 6 we develop additional tools and insights that allow us to analyze 
and understand the properties of these systems in more detail. 


3.11.1 First-Order Recursive Discrete-Time Filters 


The discrete-time counterpart of each of the first-order filters considered in Section 3.10 
is the LTI system described by the first-order difference equation 


yIn] — ay[n — 1] = x[n]. (3.151) 


From the eigenfunction property of complex exponential signals, we know that if x[n] — 
eJ". then y[n] = H(e/^)e/"", where H(e/”) is the frequency response of the system. 
Substituting into eq. (3.151), we obtain 


H(e/")el"^ — gH(ei")gio(n-U = ejon, (3.152) 
or 


[1 — ae 7 "]H(e/?)egj»" = elon, (3.153) 
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so that 
1 


joy — 
es 1 —ae- je" 


(3.154) 
The magnitude and phase of H (e/^) are shown in Figure 3.34(a) fora = 0.6 and in Figure 
3.34(b) fora — —0.6. We observe that, for the positive value of a, the difference equation 
(3.151) behaves like a lowpass filter with minimal attenuation of low frequencies near 
w = О and increasing attenuation as we increase w toward w = т. For the negative value 
of a, the system is a highpass filter, passing frequencies пеаг = 7 and attenuating lower 
frequencies. In fact, for any positive value of a « 1, the system approximates a lowpass 
filter, and for any negative value of a > — 1, the system approximates a highpass filter, 
where |a| controls the size of the filter passband, with broader passbands as |a| is decreased. 

As with the continuous-time examples, we again have a trade-off between time do- 
main and frequency domain characteristics. In particular, the impulse response of the sys- 
tem described by eq. (3.151) is 


h[n] = a"u[n]. (3.155) 
The step response s[n] = u[n] * h[n] is 


— ntl 
5 aed (3.156) 
= 


s[n] = 1 


From these expressions, we see that |a| also controls the speed with which the impulse and 
step responses approach their long-term values, with faster responses for smaller values 
of |a|, and hence, for filters with broader passbands. Just as with differential equations, 
higher order recursive difference equations can be used to provide sharper filter charac- 
teristics and to provide more flexibility in balancing time-domain and frequency-domain 
constraints. 

Finally, note from eq. (3.155) that the system described by eq. (3.151) is unstable 
if |a| = 1 and thus does not have a finite response to complex exponential inputs. As ү 
stated previously, Fourier-based methods and frequency domain analysis focus on systems 
with finite responses to complex exponentials; hence, for examples such as eq. (3.151), we 
restrict ourselves to stable systems. 


3.11.2 Nonrecursive Discrete-Time Filters 


The general form of an FIR nonrecursive difference equation is 


M 
ул] = > bix[n — К]. (3.157) 


k--N 


That is, the output у[л] is a weighted average of the (N + M + 1) values of x[n] from 
x[n — M] through x[n + М], with the weights given by the coefficients b. Systems of 
this form can be used to meet a broad array of filtering objectives, including frequency- 
selective filtering. 

One frequently used example of such a filter is a moving-average filter, where the 
output y[n] for any n—say, no—is an average of values of x[n] in the vicinity of ло. The 
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Figure 3.34 Frequency response 
of the first-order recursive discrete- 
time filter of eq. (3.151): (a) a = 0.6; 
(b) a = —0.6. 
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basic idea is that by averaging values locally, rapid high-frequency components of the in- 
put will be averaged out and lower frequency variations will be retained, corresponding to 
smoothing or lowpass filtering the original sequence. A simple two-point moving-average 
filter was briefly introduced in Section 3.9 [eq. (3.138)]. An only slightly more complex 
example is the three-point moving-average filter, which is of the form 


1 
у[п] = 361" — 1] + x[n] + x[n + 1]), (3.158) 
so that each output у[л] is the average of three consecutive input values. In this case, 


h[n] = бгл + 1] + 8[л] + ó[n — 1]], 


U 


and thus, from eq. (3.122), the corresponding frequency response is 
: | 1 
H(e/") = еі +1+е 7°] = 3 + 2cos w). (3.159) 


The magnitude of H(e/”) is sketched in Figure 3.35. We observe that the filter has the 
general characteristics of a lowpass filter, although, as with the first-order recursive filter, 
it does not have a sharp transition from passband to stopband. 


|н(е/®)| 


ү ^Y А Figure 3.35 Magnitude of the fre- 


De 2т w quency response of a three-point 
moving-average lowpass filter. 


The three-point moving-average filter in eq. (3.158) has no parameters that can 
be changed to adjust the effective cutoff frequency. As a generalization of this moving- 
average filter, we can consider averaging over N + M + 1 neighboring points—that is, 
using a difference equation of the form 


1 M 


N+Mil zs x[n == k]. (3.160) 


y[n] = 


The corresponding impulse response is a rectangular pulse (i.e., h[n] = 1/(N + M + 1) 
for -N =n < М, and h[n] = 0 otherwise). The filter's frequency response is 


; 1 M ‚ 
Јоу = = јок 
Н(е!°) NAMII 2 s Я (3.161) 
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The summation in eq. (3.161) can be evaluated by performing calculations similar to those 
in Example 3.12, yielding 


1 pivl(N—My2 Sin[e (M + N + 1y2] 


юу 1__ 
Be I EMT sin(w/2) 


(3.162) 





By adjusting the size, N + M + 1, of the averaging window we can vary the cutoff fre- 
quency. For example, the magnitude of H (e/^) is shown in Figure 3.36 for M-- N +1 = 33 
and M + N - 1 = 65. 
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Figure 3.36 Magnitude of the frequency response for the lowpass moving- 
average filter of eq. (3.162): (а) M = N = 16; (b) М = N = 32. 


Nonrecursive filters can also be used to perform highpass filtering operations. То 
illustrate this, again with a simple example, consider the difference equation 


x[n] — x[n — 1] 


2 (3.163) 


y[n] = 


For input signals that are approximately constant, the value of у[л] is close to zero. For 
input signals that vary greatly from sample to sample, the values of y[n] can be ex- 
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pected to have larger amplitude. Thus, the system described by eq. (3.163) approximates 
a highpass filtering operation, attenuating slowly varying low-frequency components and 
passing rapidly varying higher frequency components with little attenuation. To see this 
more precisely we need to look at the system's frequency response. In this case, h[n] — 
1{8[п] = é[n — 1]). so that direct application of eq. (3.122) yields 


He”) = jn —e i9] = jel” sin(w/2). (3.164) 


In Figure 3.37 we have plotted the magnitude of H(e/), showing that this simple 
system approximates a highpass filter, albeit one with a very gradual transition from pass- 
band to stopband. By considering more general nonrecursive filters, we can achieve far 
sharper transitions in lowpass, highpass, and other frequency-selective filters. 


| Hie!) | 





о Figure 3.37 Frequency response of 
т a simple highpass filter. 





Note that, since the impulse response of any FIR system is of finite length (i.e., 
from eq. (3.157), h[n] = b, for -N = n = M and 0 otherwise), it is always absolutely 
summable for any choices of the b,. Hence, all such filters are stable. Also, if N > 0 
in eq. (3.157), the system is noncausal, since y[n] then depends on future values of the 
input. In some applications, such as those involving the processing of previously recorded 
signals, causality is not a necessary constraint, and thus, we are free to use filters with 
N > 0. In others, such as many involving real-time processing, causality is essential, and 
in such cases we must take У = 0. 


3.12 SUMMARY 


In this chapter, we have introduced and developed Fourier series representations for both 
continuous-time and discrete-time systems and have used these representations to take a 
first look at one of the very important applications of the methods of signal and system 
analysis, namely, filtering. In particular, as we discussed in Section 3.2, one of the primary 
motivations for the use of Fourier series is the fact that complex exponential signals are 
eigenfunctions of LTI systems. We have also seen, in Sections 3.3—3.7, that any periodic 
signal of practical interest can be represented in a Fourier series—i.e., as a weighted sum 
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of harmonically related complex exponentials that share a common period with the signal 
being represented. In addition, we have seen that the Fourier series representation has a 
number of important properties which describe how different characteristics of signals are 
reflected in their Fourier series coefficients. 

One of the most important properties of Fourier series is a direct consequence of the 
eigenfunction property of complex exponentials. Specifically, if a periodic signal is ap- 
plied to an LTI system, then the output will be periodic with the same period, and each 
of the Fourier coefficients of the output is the corresponding Fourier coefficient of the 
input multiplied by a complex number whose value is a function of the frequency corre- 
sponding to that Fourier coefficient. This function of frequency is characteristic of the LTI 
system and is referred to as the frequency response of the system. By examining the fre- 
quency response, we were led directly to the idea of filtering of signals using LTI systems, 
a concept that has numerous applications, including several that we have described. One 
important class of applications involves the notion of frequency-selective filtering—i.e., 
the idea of using an LTI system to pass certain specified bands of frequencies and stop 
or significantly attenuate others. We introduced the concept of ideal frequency-selective 
filters and also gave several examples of frequency-selective filters described by linear 
constant-coefficient differential or difference equations. 

The purpose of this chapter has been to begin the process of developing both the 
tools of Fourier analysis and an appreciation for the utility of these tools in applications. In 
the chapters that follow, we continue with this agenda by developing the Fourier transform 
representations for aperiodic signals in continuous and discrete time and by taking a deeper 
look not only at filtering, but also at other important applications of Fourier methods. 


Chapter 3 Problems 


The first section of problems belongs to the basic category and the answers are pro- 
vided in the back of the book. The remaining three sections contain problems belonging 
to the basic, advanced, and extension categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


3.1. A continuous-time periodic signal x(t) is real valued and has a fundamental period 
T = 8. The nonzero Fourier series coefficients for x(t) are 
a, = а-у = 2,a3 = a“, = 4j. 


Express x(f) in the form 


x(t) = У A, cos(o,t + фу). 
k=0 


3.2. A discrete-time periodic signal x[n] is real valued and has a fundamental period 
N = 5. The nonzero Fourier series coefficients for x[n] are 


1 Lk! 
& = Lay = dhg e ef д = ato 22. 
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Express х[л] in the form 


x[n] = Ao + >” A, sin(wyn + фу). 
k=1 


3.3. For the continuous-time periodic signal 


x(t) = 2 + cos FF) + 4sin ES 


determine the fundamental frequency wọ and the Fourier series coefficients a, such 
that 


о 
x(t) = S apelo, 


k=-œ 


3.4. Use the Fourier series analysis equation (3.39) to calculate the coefficients a, for 
the continuous-time periodic signal 


EE | F^ 0Üset«1i 
x0 =} 15, ETEF 
with fundamental frequency о = т. 


3.5. Let x,(t) be a continuous-time periodic signal with fundamental frequency w; and 
Fourier coefficients ag. Given that 


xxt) = 111 — t) + xi(t — 1), 


how is the fundamental frequency w2 of x2(t) related to w; ? Also, find a relationship 
between the Fourier series coefficients b; of x2(t) and the coefficients a;. You may 
use the properties listed in Table 3.1. 


3.6. Consider three continuous-time periodic signals whose Fourier series representa- 


tions are as follows: 
100 AW 
x(t) = (5) eJ st. 


k=0 


100 
x(t) = > cos(kr)elk3!, 
k=—100 
100 
x3(t) = ko jsa (reni 


k=—100 


Use Fourier series properties to help answer the following questions: 
(a) Which of the three signals is/are real valued? 
(b) Which of the three signals is/are even? 


3.7. Suppose the periodic signal x(t) has fundamental period T and Fourier coefficients 
a,. In a variety of situations, it is easier to calculate the Fourier series coefficients 
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3.8. 


3.9. 


3.10. 


3.11. 


3.12. 
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b, for g(t) = dx(t)/dt, as opposed to calculating a, directly. Given that 
2T 
| x(Ddt = 2, 
T 


find an expression for a, in terms of b; and T. You may use any of the properties 
listed in Table 3.1 to help find the expression. 


Suppose we are given the following information about a signal x(t): 


1. x(t) is real and odd. 

2. x(t) is periodic with period T = 2 and has Fourier coefficients ag. 
3. a, = Ofor |k| > 1. 

4. 1p |x@P dr = 1. 


Specify two different signals that satisfy these conditions. 


Use the analysis equation (3.95) to evaluate the numerical values of one period of 
the Fourier series coefficients of the periodic signal 
x[n] = У {48[n — 4m]  88[n — 1 — 4m]). 


т=—©® 


Let х[п] be areal and odd periodic signal with period N = 7 and Fourier coefficients 
ак. Given that 


аз = jai = 2], ауу = 3j, 
determine the values of ao, a-1, a—2, and a_3. 
Suppose we are given the following information about a signal x[n]: 


1. x[n] is a real and even signal. 
2. x[n] has period N = 10 and Fourier coefficients a,. 
3. ay = Бу 


9 
4. то > llf = 50. 


Show that x[n] = Acos(Bn + C), and specify numerical values for the constants A, 
B, and C. 


Each of the two sequences x; [n] and x2[n] has a period N = 4, and the correspond- 
ing Fourier series coefficients are specified as 


xi[n] < a, x[n] — by, 


where 


ay = а = 5а = 50 = 1 and bo = bi = Ьу = Ьз = 1. 


Using the multiplication property in Table 3.1, determine the Fourier series coeffi- 
cients c, for the signal g[n] = x,[n]x2[n]. 
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3.13. Consider a continuous-time LTI system whose frequency response is 


3.14. 


3.15. 


3.16. 


но) = | noet ar = $8692. 





If the input to this system is a periodic signal 


БИ L 0zr«4 
ч -[*5 4=1<8 
with period T = 8, determine the corresponding system output у(ї). 
When the impulse train 
x[n] = У ôfn-— 4k] 
К=—® 


is the input to a particular LTI system with frequency response Н (e/^), the output 
of the system is found to be 


[n] = cos B ef 
х a ay 


Determine the values of H(e/*77) for k = 0, 1, 2, and 3. 


Consider a continuous-time ideal lowpass filter $ whose frequency response is 
zx l4 d mM 
Hd) = | 0, |ш|>100` 


When the input to this filter is a signal x(t) with fundamental period T = 7/6 and 
Fourier series coefficients a,, it is found that 


x(t) — y(t) = x(0). 


For what values of k is it guaranteed that a, = 0? 


Determine the output of the filter shown in Figure P3.16 for the following periodic 
inputs: 

(а) xi[n] = (—1)" 

(b) xj[n] = 1 + sinn + т) 


(c) xin] = Ef -e(t “ип - 4k] 


He”) 





Figure P3.16 
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3.17. 


3.18. 


3.19. 


3.20. 
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Consider three continuous-time systems 5, $5, and $3 whose responses to a complex 
exponential input e/* are specified as 

Spei =a pl? 

$› : elt 25у еЇи-1) 


S3 : ef! — cos(5t). 


For each system, determine whether the given information is sufficient to conclude 
that the system is definitely nor LTI. 


Consider three discrete-time systems 5, $5, and $4 whose respective responses to 
a complex exponential input e/""? are specified as 


Lp ‚ы 

$i ; ет"? 0, еі"? [n], 
T2508 ; 

So : ет"? еЇтп2 


$3: ет"? ?еЇ5т"т? 


For each system, determine whether the given information is sufficient to conclude 
that the system is definitely not LTI. 


Consider a causal LTI system implemented as the RL circuit shown in Figure P3.19. 
А current source produces an input current x(t), and the system output is considered 
to be the current y(t) flowing through the inductor. 


x(t) y(t) 


1H 10 
Figure P3.19 


(a) Find the differential equation relating x(t) and y(t). 

(b) Determine the frequency response of this system by considering the output of 
the system to inputs of the form x(t) = e/*'. 

(c) Determine the output y(t) if x(t) = cos(t). 

Consider a causal LTI system implemented as the RLC circuit shown in Figure 

P3.20. In this circuit, x(t) is the input voltage. The voltage y(t) across the capac- 

itor is considered the system output. 


R=10 L=1H 


x(t) à y(t) 
С 


— Figure P3.20 
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(a) Find the differential equation relating x(t) and y(t). 

(b) Determine the frequency response of this system by considering the output of 
the system to inputs of the form x(t) = e/"'. 

(c) Determine the output y(t) if x(t) = sin(f). 


BASIC PROBLEMS 


3.21. A continuous-time periodic signal x(t) is real valued and has a fundamental period 
T = 8. The nonzero Fourier series coefficients for x(t) are specified as 


a, = a", = jas = а—$ = 2. 
Express x(t) in the form 
x(t) = > Ak cos(wyt + x). 
k=0 


3.22. Determine the Fourier series representations for the following signals: 
(a) Each x(t) illustrated in Figure P3.22(a)-(f). 
(b) x(t) periodic with period 2 and 


t for —1«r«1 


x(t) 2e 








=f =6=5-=4 =3-=2-=1 12 34 56 7 8 9 101 
(c) Figure P3.22 
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x(t) 





3.23. 


3.24. 


(f Figure P3.22 Continued 
(c) x(t) periodic with period 4 and 


_ Jsinzt, OSts2 
a= 0, =т= 


In each of the following, we specify the Fourier series coefficients of a continuous- 

time signal that is periodic with period 4. Determine the signal x(t) in each case. 
0, k=0 

(a) ay = | (jk SEA otherwise 


(b) a, = (а, ay 55 


16 
_ | ik, |] «3 
(c) а ү otherwise 
_ |1, keven 
@ a= 5 k odd 
Let 
IÈ 0=7= 1 
x0 -[$., ]zr: 


be a periodic signal with fundamental period Т = 2 and Fourier coefficients az. 

(a) Determine the value of ag. 

(b) Determine the Fourier series representation of d x(t)/dt. 

(c) Use the result of part (b) and the differentiation property of the continuous-time 
Fourier series to help determine the Fourier series coefficients of x(t). 
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3.25. Consider the following three continuous-time signals with a fundamental period of 
T = 1/2: 


x(t) = cos(4rt), 
y(t) = sin(47t), 
z(t) = x(t)y(t). 


(a) Determine the Fourier series coefficients of x(t). 

(b) Determine the Fourier series coefficients of y(t). 

(c) Use the results of parts (a) and (b), along with the multiplication property of the 
continuous-time Fourier series, to determine the Fourier series coefficients of 
z(t) = x(t)y(t). 

(d) Determine the Fourier series coefficients of z(t) through direct expansion of z(t) 
in trigonometric form, and compare your result with that of part (c). 


3.26. Let x(t) be a periodic signal whose Fourier series coefficients are 


[à k=0 
ag = iG), otherwise ` 


Use Fourier series properties to answer the following questions: 
(a) Is x(t) real? 

(b) Is x(t) even? 

(c) Is dx(t)/dt even? 


3.27. A discrete-time periodic signal x[n] is real valued and has a fundamental period 
N = 5. The nonzero Fourier series coefficients for x[n] are 


a = 2,a2 = а*, = 2ei"l6 а = ata = el, 
Express x[n] in the form 
x[n] = Ao + УА, sin(wyn + фу). 
К=1 


3.28. Determine the Fourier series coefficients for each of the following discrete-time 
periodic signals. Plot the magnitude and phase of each set of coefficients ag. 
(a) Each x[n] depicted in Figure P3.28(a)-(c) 
(b) x[n] = sin(27n/3) cos(arn/2) 
(c) x[n] periodic with period 4 and 


xin] = 1 — sin fr =n = 3 
(d) x[n] periodic with period 12 and 


х[п] = 1 - sin {ог0 = n= 11 
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x(n] 





Figure P3.28 


3.29. In each of the following, we specify the Fourier series coefficients of a signal that 
is periodic with period 8. Determine the signal x[n] in each case. 
е kr) in (3k _ | ыш у OF k <6 
(a) а, = cos (£z) + sin( 47) (b) а f 3 k-7 
(c) a, as in Figure P3.29(a) (d) a, as in Figure P3.29(b) 





Figure P3.29 


3.30. Consider the following three discrete-time signals with a fundamental period of 6: 


x[n] 2 1 4 es (Zn у[п] = sin (Zn + z), z[n] = х[п]у[п]. 
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(a) Determine the Fourier series coefficients of x[n]. 

(b) Determine the Fourier series coefficients of у[л]. 

(c) Use the results of parts (a) and (b), along with the multiplication property of 
the discrete-time Fourier series, to determine the Fourier series coefficients of 
z[n] = x[n]y[n]. 

(d) Determine the Fourier series coefficients of z[n] through direct evaluation, and 
compare your result with that of part (c). 


3.31. Let 
an] = 1, 0<л<7 
0 8=n=9 
be a periodic signal with fundamental period N = 10 and Fourier series coefficients 
аџ. Also, let 


gin] = x[n] — x[n — 1]. 


(a) Show that g[n] has a fundamental period of 10. 
(b) Determine the Fourier series coefficients of g[n]. 
(c) Using the Fourier series coefficients of g[n] and the First-Difference property 
in Table 3.2, determine a, for k # 0. 
3.32. Consider the signal x[n] depicted in Figure P3.32. This signal is periodic with period 
М = 4. The signal can be expressed in terms of a discrete-tirne Fourier series as 


3 
x[n] = > ay lor, (P3.32-1) 
к=0 


x[n] 





Figure P3.32 


As mentioned in the text, one way to determine the Fourier series coefficients is 
to treat eq. (P3.32-1) as a set of four linear equations (for n = 0, 1, 2, 3) in four 
unknowns (ao, aj, а, and аз). 

(a) Write out these four equations explicitly, and solve them directly using any stan- 
dard technique for solving four equations in four unknowns. (Be sure first to 
reduce the foregoing complex exponentials to the simplest form.) 

(b) Check your answer by calculating the a, directly, using the discrete-time 
Fourier series analysis equation 


3 
1 E 
a, = 4 > x[n]e jkQmlA)n. 
n-0 
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3.33. 


3.34. 





3.35. 


3.36. 


3.37. 
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Consider a causal continuous-time LTI system whose input x(t) and output y(t) are 
related by the following differential equation: 


d 
gp O * 4X0 = х0). 


Find the Fourier series representation of the output y(t) for each of the following 
inputs: 

(a) x(t) = cos2at 

(b) x(t) = sin4at + cos(67t + 7/4) 


Consider a continuous-time LTI system with impulse response 
h(t) = e ^N. 
Find the Fourier series representation of the output y(t) for each of the following 
inputs: 
(a) x(t) = >л--«©(1— п) 


(b) x(t) = 2555 _.(—1)"6(t — n) 
(c) x(t) is the periodic wave depicted in Figure P3.34. 


Figure P3.34 


Consider a continuous-time LTI system $ whose frequency response is 
sa |, о = 250 
ah jan) = |4 otherwise ' 


When the input to this system is a signal x(t) with fundamental period T = 77/7 and 
Fourier series coefficients ак, it is found that the output y(7) is identical to x(t). 
For what values of k is it guaranteed that а, = 0? 

Consider a causal discrete-time LTI system whose input x[n] and output y[n] are 
related by the following difference equation: 


y[n] — p — 1) = x[n] 


Find the Fourier series representation of the output y[n] for each of the following 
inputs: 

(a) x[n] = sin(2Z n) 

(b) x[n] = cos(7n) + 2cos(7n) 

Consider a discrete-time LTI system with impulse response 


\п| 
h[n] = (5) ; 


3.38. 


3.39, 
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Find the Fourier series representation of the output y[n] for each of the following 
inputs: 
(а) x[n] = > 7.-.6[n — 4k) 

(b) x[n] is periodic with period 6 and 


1, пей =] 


xiu] = | Q, n= 267 +3 


Consider a discrete-time LTI system with impulse response 
1; О=плп= 2 
hin] =< -1, -22s ns -1. 
0, otherwise 


Given that the input to this system is 
+0 
x[n] = У é[n — 4k], 
к= — 20 
determine the Fourier series coefficients of the output у[л]. 


Consider a discrete-time LTI system $ whose frequency response is 


1, у= 2 


Show that if the input x[n] to this system has a period N = 3, the output у[л] has 
only one nonzero Fourier series coefficient per period. 


ADVANCED PROBLEMS 


3.40. 


3.41. 


Let x(t) be a periodic signal with fundamental period T and Fourier series coeffi- 
cients ay. Derive the Fourier series coefficients of each of the following signals in 
terms of ак: 

(a) x(t — to) + x(t + to) 

(b) &e{x(1)} 

(с) Re{x(n)} 

(d) SS 

(e) x(3t — 1) [for this part, first determine the period of x(3t — 1)] 

Suppose we are given the following information about a continuous-time periodic 
signal with period 3 and Fourier coefficients ag: 


1, ак = аә. 
2. ар = а. 


3. 90а = 1. 
4. |? х(йа = 2. 


Determine x(t). 
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3.42. 


3.43. 


3.44. 
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Let x(t) be a real-valued signal with fundamental period T and Fourier series coef- 

ficients ag. 

(a) Show that a, = a”, and ap must be real. 

(b) Show that if x(t) is even, then its Fourier series coefficients must be real and 
even. 

(c) Show that if x(t) is odd, then its Fourier series coefficients are imaginary and 
odd and ap = 0. 

(d) Show that the Fourier coefficients of the even part of x(t) are equal to {а}. 

(e) Show that the Fourier coefficients of the odd part of x(t) are equal to j$7(a;). 


(a) A continuous-time periodic signal x(r) with period T is said to be odd harmonic 
if, in its Fourier series representation 
+0 
x(t) = У, аце"), (P3.43-1) 
К=—® 


ак = 0 for every non-zero even integer k. 
(i) Show that if x(t) is odd harmonic, then 


xp) = -xf + 2) (P3.43-2) 


(ii) Show that if x(t) satisfies eq. (P3.43—2), then it is odd harmonic. 
(b) Suppose that x(t) is an odd-harmonic periodic signal with period 2 such that 


x(t) 2t forO<t< 1. 


Sketch x(t) and find its Fourier series coefficients. 
(c) Analogously, to an odd-harmonic signal, we could define an even-harmonic 
signal as a signal for which a, = 0 for k odd in the representation in eq. (P3.43- 
1). Could T be the fundamental period for such a signal? Explain your answer. 
(d) More generally, show that T 15 the fundamental period of x(t) in eq. (P3.43-1) 


if one of two things happens: 
(1) Either a, or a_, is nonzero; 
or 


(2) There are two integers К and / that have no common factors and are such 
that both a, and а; are nonzero. 


Suppose we are given the following information about a signal x(f): 


. x(t) is a real signal. 

. x(t) is periodic with period T = 6 and has Fourier coefficients ag. 
. ay = Ofork = Oand k > 2. 

x(t) = —x(t — 3). 

„раг 1. 

. ау is a positive real number. 


An & ш ою 


Show that x(t) = Acos(Bt + С), and determine the values of the constants A, В, 
and C. 
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3.45. Let x(t) be a real periodic signal with Fourier series representation given in the 
sine-cosine form of eq. (3.32); i.e., 


x(t) = ao + 2 У '[B, cos kwot — C, sin kwot]. (P3.45-1) 
k=l 
(a) Find the exponential Fourier series representation of the even and odd parts of 
x(t); that is, find the coefficients a, and f; in terms of the coefficients in eq. 
(P3.45-1) so that 


+00 
&v(x(r)) = > apes hoor, 


К=—= 


+a 
Ох) = >, Bel". 
k=-x 
(b) What is the relationship between a, and a. , in part (a)? What is the relationship 


between 8; and В_;? 
(c) Suppose that the signals x(t) and z(t) shown in Figure P3.45 have the sine-cosine 


series representations 


x(t) = ag + 3D cos (е )- C, sin eal 


k=1 


- / 
ae) = dr 23E cos x - Fsin( 7E | 
kl | 


x(t) 





Figure P3.45 
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Sketch the signal 


= 2 
y(t) = 4(ao + do) + 23 в, + А (Ж), F; sin exl 
k=l 








3.46 In this problem, we derive two important properties of the continuous-time Fourier 
series: the multiplication property and Parseval’s relation. Let x(t) and y(t) both be 
continuous-time periodic signals having period To and with Fourier series represen- 
tations given by 


Tx Tx 
st) = > apelon, y(t) = >, be ovt. (P3.46-1) 

к= = ics 

х1(0) 
cos 20mt 
ШИШИШИ ИЛИШЕТ ҮШ 
-4 -2 -1 | ї 2 4 t 

(a) 
x2(t) z(t) cos 20mt, 


T B where z(t) is as in Figure P3.22(f) 


= —3 WY т | WI зї t 


(b) 


xa(t) 


ет! tl cos 20nt 


I| -3 T TITTY a ИШЕ 


(c) 


Figure P3.46 
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(a) Show that the Fourier series coefficients of the signal 


+o 
z(t) = x(t)y(t) = > cei m 


К=—® 


are given by the discrete convolution 


+00 


Ck = > Üa Pki 


п=—©®= 


(b) Use the result of part (a) to compute the Fourier series coefficients of the signals 
x(t), x2(t), and x3(t) depicted in Figure P3.46. 

(c) Suppose that y(t) in eq. (P3.46—1) equals x*(t). Express the b; in the equation in 
terms of a;, and use the result of part (a) to prove Parseval’s relation for periodic 
signals—that is, 


1 To +0 4 
т | ора = 5 la. 


0 k2-e 
3.47 Consider the signal 
x(t) = cos 271. 


Since x(t) is periodic with a fundamental period of 1, it is also periodic with a period 
of N, where N is any positive integer. What are the Fourier series coefficients of x(t) 
if we regard it as a periodic signal with period 3? 


3.48. Let x[n] be a periodic sequence with period N and Fourier series representation 


а= >, де", (P3.48-1) 
k=<N> 


The Fourier series coefficients for each of the following signals can be expressed in 

terms of a; in eq. (P3.48-1). Derive the expressions. 

(a) x[n — no] 

(b) x[n] — x[n — 1] 

(c) x[n] — x[n — 5] (assume that N is even) 

(d) x[n] + x[n + 2] (assume that N is even; note that this signal is periodic with 
period N/2) 

(e) x*[—n] 

(f) (—1)"x[n] (assume that N is even) 

(g) (—1)"x[n] (assume that N is odd; note that this signal is periodic with period 


2N) 
h) yin] = | -—ÉS 7 


3.49. Let x[n] be a periodic sequence with period N and Fourier series representation 


хи] = >, аен (P3.49-1) 
k=<N> 
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3.50. 


3.51. 


3.52. 
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(a) Suppose that N is even and that x[n] in eq. (P3.49—1) satisfies 


x[n] = -xn + 5 for all n. 


Show that a, = 0 for all even integers К. 
(b) Suppose that N is divisible by 4. Show that if 


x[n] = -x[n + M for all n, 


then а; = 0 for every value of k that is a multiple of 4. 
(c) More generally, suppose that N is divisible by an integer M. Show that if 


(N/M)-1 N 
[n er] = (О ога! n, 
r-0 M 


then a, = 0 for every value of k that is a multiple of M. 


Suppose we are given the following information about a periodic signal x[n] with 
period 8 and Fourier coefficients ag: 


1. ак = —yk-4. 
2. x[2n + I] = (—Iy". 


Sketch one period of x[n]. 


Let x[n] be a periodic signal with period N = 8 and Fourier series coefficients 
ük = —dk-4. A signal 


ял} = (FE) an - n 


with period N = 8 is generated. Denoting the Fourier series coefficients of y[n] by 
b,, find a function f[k] such that 


by = Ра. 


x[n] is a real periodic signal with period N and complex Fourier series coefficients 
ак. Let the Cartesian form for a, be denoted by 


ак = by + јс, 


where b; and c; are both real. 

(a) Show that a-, = ау. What is the relation between b, and b..,? What is the 
relation between c, and c_,? 

(b) Suppose that N is even. Show that ay is real. 
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(c) Show that x[n] can also be expressed as a trigonometric Fourier series of the 
form 








(N-1)2 
2arkn . [2mkn 
x[n] = ag + 2 2. hie N | cesin( N 


if N is odd or as 


(N—2)/2 
2тКп . [2mk 
x[n] = (ao + ayn(—1)") +2 2. hes N )- es T) 








if N is even. | 
(d) Show that if the polar form of a, is A,e/**, then the Fourier series representation 
for x[n] can also be written as 


а 2лтКп 
x[n] = ао+2 2. Ace (25 + ax) 





if N is odd or as 
(NI2)-1 / 
x[n] = (ao + ахмо(—1)+2 >> А, cos [2071 + 6, 
k= LA 
if N is even. 


(e) Suppose that x[n] and z[n], as depicted in Figure P3.52, have the sine-cosine 
series representations 


x[n] 





Figure P3.52 
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3.53. 


3.54. 


3.55. 
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3 
x[n] = ag + 23 b, cos ea ) — c, sin ee \' 


[um 
3 
z[n] = do + 23 d, cos (= ) — fisin (z= | : 


Sketch the signal 




















х 2nk . (2k 
jin] = «-&+з у] 7d - esin Ty 


Let x[n] be a real periodic signal with period N and Fourier coefficients a,. 

(a) Show that if N is even, at least two of the Fourier coefficients within one period 
of a, are real. 

(b) Show that if N is odd, at least one of the Fourier coefficients within one period 
of a, is real. 


Consider the function 
alk] = ет!п. 
п=0 


(a) Show that a[k] = N for k = 0, +N, +2N, +3N,.... 

(b) Show that a[k] = 0 whenever k is not an integer multiple of N. (Hint: Use the 
finite sum formula.) 

(c) Repeat parts (a) and (b) if 


a[k] = by gJ Qv! N)ykn. 


n=<N> 


Let x[n] be a periodic signal with fundamental period N and Fourier series coeffi- 
cients ax. In this problem, we derive the time-scaling property 


„| 5] &90-5m252um- 
XİN] р " elsewhere 


listed in Table 3.2. 
(a) Show that x(,,[n] has period of mN. 
(b) Show that if 


x[n] = vn] + w[n], 
then 


Х(т)[п] = Vmin] + Wm ln]. 
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(c) Assuming that x[n] = e/?7^"/N for some integer ko, verify that 


т 1 

= j2ar( ko-- LN )n/(mN ) 

Xm [n] = — > Амы | 
1-0 


That is, one complex exponential in x[n] becomes a linear combination of m 
complex exponentials in Xom [7]. 

(d) Using the results of parts (a), (b), and (c), show that if x[n] has the Fourier 
coefficients ag, then Xim [n] must have the Fourier coefficients ay. 


3.56. Let x[n] be a periodic signal with period № and Fourier coefficients ак. 
(a) Express the Fourier coefficients b, of |x[n]|? in terms of ax. 
(b) If the coefficients a, are real, is it guaranteed that the coefficients b; are also 
real? 


3.57. (a) Let 

N-I І 

x[n] = У ает" (P3.57-1) 
k=0 

and 

N-I | 

yin] а= 2 bya CANN 
k=0 


be periodic signals. Show that 
N-1 | 
x[n]y[n] = S сіе", 
k=0 


where 


N-I N-1 
c, = > йб = Уак. 
1-0 1=0 
(b) Generalize the result of part (a) by showing that 


а= >, аб = k3 а-у. 


1=<№> 1=<№> 


(c) Use the result of part (b) to find the Fourier series representation of the following 
signals, where x[n] is given by eq. (P3.57-1). 


(i) x[n] cos (Szr) 
(i) x[n]>/"_..6[n — rN] 
(iii) x[n] poc |» = a (assume that N is divisible by 3) 


(d) Find the Fourier series representation for the signal х[л]у[п], where 


x[n] = cos(zn/3) 
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and 


ad% E 
yim = | 4<|n| 6 


is periodic with period 12. 
(e) Use the result of part (b) to show that 


D stayin) 2 N > ар, 


n-«N» l=<N> 


and from this expression, derive Parseval’s relation for discrete-time periodic 
signals. 
3.58. Let x[n] and y[n] be periodic signals with common period №, and let 
zn]- >) хип r] 
r=<N> 

be their periodic convolution. 

(a) Show that z[n] is also periodic with period М. 

(b) Verify that if ag, bg, and c, are the Fourier coefficients of x[n], y[n], and z[n], 
respectively, then 


Ck = Nab. 
(c) Let 
x[n] = ха (2) 
апа 
in} = lL О = и = 3 
Ў 0, 4<n<7 


be two signals that are periodic with period 8. Find the Fourier series represen- 
tation for the periodic convolution of these signals. 
(d) Repeat part (c) for the following two periodic signals that also have period 8: 


in Зтп 
x[n] = sin (37^), 0 sais 3 К 
0, 4<n<7 


ин = (5) опт 


3.59. (a) Suppose x[n] is a periodic signal with period №. Show that the Fourier series 
coefficients of the periodic signal 


© 


g(t) = >, x[k]ôlt – kT) 


=.— 


are periodic with period М. 


3.60. 


3.61. 
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(b) Suppose that x(t) is a periodic signal with period T and Fourier series coeffi- 
cients a, with period N. Show that there must exist a periodic sequence g[n] 
such that 


ха) = >> gik] — kTIN). 


К=—® 


(с) Can а continuous periodic signal have periodic Fourier coefficients? 


Consider the following pairs of signals x[n] and y[n]. For each pair, determine 
whether there is a discrete-time LTI system for which y[n] is the output when the 
corresponding x[n] is the input. If such a system exists, determine whether the sys- 
tem is unique (i.e., whether there is more than one LTI systern with the given input- 
output pair). Also, determine the frequency response of an LTI system with the 
desired behavior. If no such LTI system exists for a given x[n], y[n] pair, explain 
why. 

(а) x[n] = (1"), yin) = G^ 

(b) x[n] = Gun], yin] = Gun] 

(c) x[n] = (5")uln], yin] = 4"u[-n] 

(d) x[n] = еі", y[n] = 2e/"® 

(e) x[n] = e/",[n], y[n] = 2e/"5u[n] 

() x[n] = 7", [n] = 27"(1 Ј) 

(g) x[n] = cos(7n/3),y[n] = cos(an/3) + „З sin(n/3) 

(h) x[n] and y,[n] as in Figure P3.60 

(i) x[n] and y»[n] as in Figure P3.60 


xin] 
—12 0 12 24 n 
уз[п] 
45) -9 -3 0 3 9 15 21 n 
yaln] 
-9 0 9 18 n 
Figure P3.60 


As we have seen, the techniques of Fourier analysis are of value in examining 
continuous-time LTI systems because periodic complex exponentials are eigenfunc- 
tions for LTI systems. In this problem, we wish to substantiate the following state- 
ment: Although some LTI systems may have additional eigenfunctions, the complex 
exponentials are the only signals that are eigenfunctions of every LTI system. 
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3.63. 


3.64. 
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(a) What are the eigenfunctions of the LTI system with unit impulse response 
h(t) = 6(t)? What are the associated eigenvalues? 

(b) Consider the LTI system with unit impulse response h(t) = 6(t — T). Find a 
signal that is not of the form e”, but that is an eigenfunction of the system with 
eigenvalue 1. Similarly, find the eigenfunctions with eigenvalues 1/2 and 2 that 
are not complex exponentials. (Hint: You can find impulse trains that meet these 
requirements.) 

(c) Consider a stable LTI system with impulse response h(t) that is real and even. 
Show that cos wt and sin ot are eigenfunctions of this system. 

(d) Consider the LTI system with impulse response h(t) = u(t). Suppose that ф(1) is 
an eigenfunction of this system with eigenvalue A. Find the differential equation 
that P(t) must satisfy, and solve the equation. This result, together with those 
of parts (a) through (c), should prove the validity of the statement made at the 
beginning of the problem. 

One technique for building a dc power supply is to take an ac signal and full-wave 

rectify it. That is, we put the ac signal x(t) through a system that produces y(t) = 

|x(t)| as its output. 

(a) Sketch the input and output waveforms if x(t) = cos t. What are the fundamen- 
tal periods of the input and output? 

(b) If x(t) = cost, determine the coefficients of the Fourier series for the output 
y(t). 

(c) What is the amplitude of the dc component of the input signal? What is the 
amplitude of the dc component of the output signal? 

Suppose that a continuous-time periodic signal is the input to an LTI system. The 

signal has a Fourier series representation 


oo 


x) = > PILLS 


К=—® 


where a is a real number between 0 and 1, and the frequency response of the system 
is 


А 1, |ы = W 

Н = Я 

Uo) | 0, ш> и 
How large must W be in order for the output of the system to have at least 90% of 
the average energy per period of x(t)? 
As we have seen in this chapter, the concept of an eigenfunction is an extremely 
important tool in the study of LTI systems. The same can be said for linear, but time- 
varying, systems. Specifically, consider such a system with input x(t) and output 
y(t). We say that a signal ф(7) is an eigenfunction of the system if 


P(t) — Афи). 


That is, if x(t) = @(f), then y(t) = Аф(ї), where the complex constant A is called 
the eigenvalue associated with f(t). 
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(a) Suppose that we can represent the input x(t) to our system as a linear combina- 
tion of eigenfunctions ¢,(t), each of which has a corresponding eigenvalue Àz; 
that is, 


æ 


x(t) = У сафи). 


k=-% 


Express the output y(t) of the system in terms of {cz}, {ф;(7)}, and (A,). 
(b) Consider the system characterized by the differential equation 
,d^x(t) ах) 


ad a 








y(t) = 1 


Is this system linear? Is it time invariant? 
(c) Show that the functions 


b(t) = r 


are eigenfunctions of the system in part (b). For each ф (7), determine the cor- 
responding eigenvalue А. 
(d) Determine the output of the system if 


x(t) = 10179 + 3t + 5“ + т. 


EXTENSION PROBLEMS 


3.65. Two functions u(t) and v(t) are said to be orthogonal over the interval (a,b) if 


b 
| u(t)v'(t) dt = 0. (P3.65-1) 


a 


If, in addition, 


b b 
| lut) dt = 1 = | lv)? dt, 


the functions are said to be normalized and hence are called orthonormal. A set of 

functions ($,(1)) is called an orthogonal (orthonormal) set if each pair of functions 

in the set is orthogonal (orthonormal). 

(a) Consider the pairs of signals u(t) and v(t) depicted in Figure P3.65. Determine 
whether each pair is orthogonal over the interval (0, 4). 

(b) Are the functions sin тоу and sin not orthogonal over the interval (0, Т), 
where Т = 217/00? Are they also orthonormal? 

(c) Repeat part (b) for the functions m(t) and $,(t), where 


а 


JT 


$t) = [cos kwot + sin ket]. 
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e 





(a) 


Exponentials with Exponentials with 
time constant — 1 time constant — 1 


vit) 


u(t) 





(b) 


u(t) vit) 





(с) 





(d) 
Figure P3.65 


(d) Show that the functions (t) = eJ*"»' are orthogonal over any interval of 
length T = 27/«o. Are they orthonormal? 

(e) Let x(t) be an arbitrary signal, and let x,(t) and xe(t) be, respectively, the odd 
and even parts of x(t). Show that x,(t) and x,(t) are orthogonal over the interval 
(—T, T) for any T. 
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(f) Show that if ($,(1)) is a set of orthogonal signals over the interval (a, b), then 
the set ((1//A,) p(t}, where 


b 
Ay = | lo.) dt, 


is orthonormal. 
Let {;(t)} be a set of orthonormal signals on the interval (a, b), and consider a 
signal of the form 


— 


(g 


x(t) = У аф), 


where the а; are complex constants. Show that 


b 
| ораг = S ар. 


t 


(h 


— 


Suppose that $(t),..., y(t) are nonzero only in the time interval 0 < t 
= T and that they are orthonormal over this time interval. Let L; denote the 
LTI system with impulse response 


hi(t) = ФТ — £y (P3.65-2) 


Show that if ф ;(7) is applied to this system, then the output at time T is 1 if 
i = jandO if i x j. The system with impulse response given by eq. (P3.65—2) 
was referred to in Problems 2.66 and 2.67 as the matched filter for the signal 
фа). 

3.66. The purpose of this problem is to show that the representation of an arbitrary pe- 
riodic signal by a Fourier series or, more generally, as a linear combination of any 
set of orthogonal functions is computationally efficient and in fact very useful for 
obtaining good approximations of signals. !? 

Specifically, let {@;(1)}, i = 0, +1, +2,... be a set of orthonormal functions 
on the interval a = t = b, and let x(t) be a given signal. Consider the follow- 
ing approximation of x(t) over the interval a = t = b: 


+N 


£0) = У аф). (P3.66-1) 


i=-N 


Here, the a; are (in general, complex) constants. To measure the deviation between 
x(t) and the series approximation X,(f), we consider the error ey (t) defined as 


en(t) = x(t) — £w(t). (P3.66—2) 


A reasonable and widely used criterion for measuring the quality of the approxima- 
tion is the energy in the error signal over the interval of interest— that is, the integral 


"See Problem 3.65 for the definitions of orthogonal and orthonormal functions. 
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of the square of the magnitude of the error over the interval a = t = b: 


b 
Е = | lev at. (P3.66-3) 


a 


(a) Show that E is minimized by choosing 


b 
dj — | x(t); (t) dt. (P3.66—4) 


a 


[Hint: Use eqs. (P3.66—1)-(P3.66—3) to express E in terms of a;, ġ;(t), and x(t). 
Then express a; in rectangular coordinates as a; = b; + jci, and show that the 
equations 


дЕ 

—— = — = | = са st 

Jb, and 2c; О; = GEL €A....M 
are satisfied by the a; as given by eq. (P3.66—4).] 

(b) How does the result of part (a) change if 


b 
Aj = | \pi(t)|? dt 


and the {ġ;(t)} are orthogonal but not orthonormal? 

(c) Let $,(t) = e/"', and choose any interval of length To = 27/wo. Show that 
the a; that minimize Е are as given in eq. (3.50). 

(d) The set of Walsh functions is an often-used set of orthonormal functions. (See 
Problem 2.66.) The set of five Walsh functions, $o(t), q(t), ..., 4(0), is illus- 
trated in Figure P3.66, where we have scaled time so that the $;(f) are nonzero 
and orthonormal over the interval 0 € t = 1. Let x(t) = ѕіп ті. Find the ap- 
proximation of x(t) of the form 


4 
#@) = > аф) 


ї=0 


such that 


1 
| |x(t) — 5( dt 
0 


is minimized. 
Show that %,(t) in eq. (P3.66—1) and e,(t) in eq. (P3.66—2) are orthogonal if 
the a; are chosen as in eq. (P3.66—4). 

The results of parts (a) and (b) are extremely important in that they show 
that each coefficient a; is independent of all the other a;'s, i # j. Thus, if 
we add more terms to the approximation [e.g., if we compute the approxi- 
mation £y+)(¢)], the coefficients of $;(t), i = 1,..., NM, that were previously 
determined will not change. In contrast to this, consider another type of se- 


— 


(е 
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polt) 


1 


(а) 





Figure P3.66 


ries expansion, the polynomial Taylor series. The infinite Taylor series for е! 
ise! = 1 + t + £/2! +..., but as we shall show, when we consider a finite 
polynomial series and the error criterion of eq. (P3.66—3), we get a very different 
result. 
Specifically, let фо(@) = 1, ф1(0) = t, фә(@) = 2, and so on. 
(f) Are the ф;(ї) orthogonal over the interval 0 = t = 1? 
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(g) 


(h) 
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Consider an approximation of x(t) = e' over the interval0 = г = 1 of the form 


olt) = аофо(1). 


Find the value of аџ that minimizes the energy in the error signal over the in- 
terval. 
We now wish to approximate e' by a Taylor series using two terms—i.e., 
ŝı(t) = ao + а. Find the optimum values for ao and a,. [Hint: Compute Е in 
terms of ao and aj, and then solve the simultaneous equations ` 

— 0 and PE ы 

дао да| 
Note that your answer for ао has changed from its value in part (р), where there 
was only one term in the series. Further, as you increase the number of terms in 
the series, that coefficient and all others will continue to change. We can thus 
see the advantage to be gained in expanding a function using orthogonal terms.] 


3.67 As we discussed in the text, the origins of Fourier analysis can be found in problems 
of mathematical physics. In particular, the work of Fourier was motivated by his 
investigation of heat diffusion. In this problem, we illustrate how the Fourier series 
enter into the investigation. '? 


Consider the problem of determining the temperature at a given depth beneath 


the surface of the earth as a function of time, where we assume that the temperature 
at the surface is a given function of time T(r) that is periodic with period 1. (The 
unit of time is one year.) Let T(x, t) denote the temperature at a depth x below the 
surface at time ¢. This function obeys the heat diffusion equation 





OT(x,t) _ 1 p TG. t) 


x an (P3.67-1) 


with auxiliary condition 


T(0,t) = T(t). (Р3.67-2) 


Неге, 15 the heat diffusion constant for the earth (k > 0). Suppose that we expand 
T(t) in a Fourier series: 


obtain 


Т@) = У алеі". (P3.67-3) 

n-—w 
Similarly, let us expand T(x, t) at any given depth x in a Fourier series in т. We 
T(xf) = У ben, (P3.67-4) 

n=-% 


where the Fourier coefficients b,(x) depend upon the depth x. 


"The problem has been adapted from A. Sommerfeld, Partial Differential Equations in Physics (New 
York: Academic Press, 1949), pp 68-71. 
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i 





(a) Use eqs. (P3.67—1)-(P3.67—4) to show that ,,(x) satisfies the differential equa- 


(b 


(c 


— 


— 





tion 
d*b,(x) _ Атјп 
de "R b,(x) (P3.67—5a) 
with auxiliary condition 
b,(0) = аһ. (P3.67—5b) 


Since eq. (P3.67—5a) is a second-order equation, we need a second auxiliary 
condition. We argue on physical grounds that, far below the earth's surface, the 
variations in temperature due to surface fluctuations should disappear. That is, 


lim T(x, t) = a constant. (P3.67—5c) 
Show that the solution of eqs. (P3.67—5) is 


a, exp[—J/2a|n|(1 + j)x/k], nz 0 
a,exp[- J2z|n(1— j)x/k], nx 0 
Thus, the temperature oscillations at depth x are damped and phase-shifted ver- 


sions of the temperature oscillations at the surface. To see this more clearly, 
let 


Ь„(х) = 


T(t) = ag + a, sin 27t 


(so that ao represents the mean yearly temperature). Sketch T(t) and T(x, t) over 


a one-year period for 
[T 
X= Kk 7’ 


ay = 2, and a, = 1. Note that at this depth not only are the temperature os- 
cillations significantly damped, but the phase shift is such that it is warmest in 
winter and coldest in summer. This is exactly the reason why vegetable cellars 
are constructed! 


3.68. Consider the closed contour shown in Figure P3.68. As illustrated, we can view this 
curve as being traced out by the tip of a rotating vector of varying length. Let r(0) 
denote the length of the vector as a function of the angle 0. Then r(0) is periodic in 
Ө with period 27r and thus has a Fourier series representation. Let {a,} denote the 
Fourier coefficients of r(0). 

(a) Consider now the projection x(0) of the vector r(0) onto the x-axis, as indicated 


in the figure. Determine the Fourier coefficients for x(0) in terms of the a;'s. 


(b) Consider the sequence of coefficients 


b, = ает, 


Sketch the figure in the plane that corresponds to this set of coefficients. 
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3.69. 





Figure P3.68 


(c) Repeat part (b) with 
by = a,6[k]. 


(d) Sketch figures in the plane such that r(0) is not constant, but does have each of 

the following properties: 

(1) r(@) is even. 

(ii) The fundamental period of r(0) is 7. 

(iii) The fundamental period of r(0) is 7/2. 
In this problem, we consider the discrete-time counterpart of the concepts introduced 
in Problems 3.65 and 3.66. In analogy with the continuous-time case, two discrete- 
time signals $,[n] and @,,[n] are said to be orthogonal over the interval (№, №) 
if 


Е Ay к= т 
> duni; [п] = Fa Aba (P3.69-1) 
n=N, , 


If the value of the constants A, and A,, are both 1, then the signals are said to be 
orthonormal. 
(a) Consider the signals 


фт] = 5[n — ЮИ, К = 0, +1, £2,..., £N. 


Show that these signals are orthonormal over the interval (—N, N). 
(b) Show that the signals 


prin] = een k = 0,1,...,N—1, 


are orthogonal over any interval of length N. 
(c) Show that if 


M 
x[n] = X` aidiln], 
i=l 
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where the ¢;[n] are orthogonal over the interval (N;, N3), then 
№ M 
> beta? = > аА. 
п= № i=1 


(d) Let $;[n], = 0, 1,..., M, be a set of orthogonal functions over the interval 
(М\, N2), and let x[n] be a given signal. Suppose that we wish to approximate 
x[n] as a linear combination of the $;[n]; that is, 


M 
&[n] = > ai$i[n], 
i-0 


where the a; are constant coefficients. Let 
e[n] = xin] — ŝin], 
and show that if we wish to minimize 


М› 


E = > |е], 
п= № 
then the а; are given by 
[x 
dp ess X х[п]ф: [n]. (P3.69—2) 


gzN 


[Hint: As in Problem 3.66, express E in terms of a;, ф{[п], A;, and x[n], write 
a; = bj + jc;, and show that the equations 


ðE ðE 





are satisfied by the a; given by eq. (P3.69-2). Note that applying this result 
when the ф;[п] are as in part (b) yields eq. (3.95) for a,.] 
(e) Apply the result of part (d) when the ¢;[n] are as in part (a) to determine the 
coefficients a; in terms of x[n]. 
3.70. (a) In this problem, we consider the definition of the two-dimensional Fourier se- 
ries for periodic signals with two independent variables. Specifically, consider 
a signal x(t), t2) that satisfies the equation 


X(t, t) = х(1 + Ti, t + T2), for all tj, г. 


This signal is periodic with period T; in the /, direction and with period T> in 
the г> direction. Such a signal has a series representation of the form 


+00 +% 


x(t, 5) = >. by алено moa) 


n--—om--o 
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where 
oy = 27/T), аэ = 2т/Т». 


Find an expression for аы» in terms of x(t), t2). 

(b) Determine the Fourier series coefficients amn for the following signals: 
(1) cos(2rti + 225) 
(ii) the signal illustrated in Figure P3.70 


x(t, t2) = 1 in shaded areas and 
0 elsewhere 





Figure P3.70 


3.71. Consider the mechanical system shown in Figure P3.71. The differential equation 
relating velocity v(t) and the input force f(t) is given by 


Bw(t) + K | v(t)dt = f(t). 


v(t) 
f(t) 


Figure P3.71 
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(a) Assuming that the output is f,(t), the compressive force acting on the spring, 
write the differential equation relating f,(t) and f(t). Obtain the frequency re- 
sponse of the system, and argue that it approximates that of a lowpass filter. 

(b) Assuming that the output is f(t), the compressive force acting on the dash- 
pot, write the differential equation relating f(t) and f (t). Obtain the frequency 
response of the system, and argue that it approximates that of a highpass filter. 


4 


THE CONTINUOUS-TIME FOURIER 
TRANSFORM 





— ` 
NN NV 





4.0 INTRODUCTION 


In Chapter 3, we developed a representation of periodic signals as linear combinations of 
complex exponentials. We also saw how this representation can be used in describing the 
effect of LTI systems on signals. 

In this and the following chapter, we extend these concepts to apply to signals that are 
not periodic. As we will see, a rather large class of signals, including all signals with finite 
energy, can also be represented through a linear combination of complex exponentials. 
Whereas for periodic signals the complex exponential building blocks are harmonically 
related, for aperiodic signals they are infinitesimally close in frequency, and the represen- 
tation in terms of a linear combination takes the form of an integral rather than a sum. The 
resulting spectrum of coefficients in this representation is called the Fourier transform, and 
the synthesis integral itself, which uses these coefficients to represent the signal as a linear 
combination of complex exponentials, is called the inverse Fourier transform. 

The development of this representation for aperiodic signals in continuous time is 
one of Fourier's most important contributions, and our development of the Fourier trans- 
form follows very closely the approach he used in his original work. In particular, Fourier 
reasoned that an aperiodic signal can be viewed as a periodic signal with an infinite pe- 
riod. More precisely, in the Fourier series representation of a periodic signal, as the period 
increases the fundamental frequency decreases and the harmonically related components 
become closer in frequency. As the period becomes infinite, the frequency components 
form a continuum and the Fourier series sum becomes an integral. In the next section w 
develop the Fourier transform representation for continuous-time periodic signals, and 
in the sections that follow we build on this foundation as we explore many of the important 
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properties of the continuous-time Fourier transform that form the foundation of frequency- 
domain methods for continuous-time signals and systems. In Chapter 5, we parallel this 
development for discrete-time signals. 


4.1 REPRESENTATION OF APERIODIC SIGNALS: 
THE CONTINUOUS-TIME FOURIER TRANSFORM 


4.1.1 Development of the Fourier Transform Representation 
of an Aperiodic Signal 


To gain some insight into the nature of the Fourier transform representation, we begin by 
revisiting the Fourier series representation for the continuous-time periodic square wave 
examined in Example 3.5. Specifically, over one period, 


„З. HT 
ag) = | Тү « Ji] < T/2 


and periodically repeats with period T, as shown in Figure 4.1. 
As determined in Example 3.5, the Fourier series coefficients a, for this square wave 
are 


» 2 sin( keoT| ) 


[eq. (3.44)] а kooT C 


(4.1) 
where wọ = 27/T. In Figure 3.7, bar graphs of these coefficients were shown for a fixed 
value of Тү and several different values of Т. 
An alternative way of interpreting eq. (4.1) is as samples of an envelope function, 
specifically, 
2sinw Ti 


Taj = ———— ғ (4.2) 
о 


w = Код 

That is, with w thought of as a continuous variable, the function (2 sin wT|)/w represents 
the envelope of Так, and the coefficients a, are simply equally spaced samples of this 
envelope. Also, for fixed T, the envelope of Ta, is independent of T. In Figure 4.2, we 
again show the Fourier series coefficients for the periodic square wave, but this time as 
samples of the envelope of Тад, as specified in eq. (4.2). From the figure, we see that as 


x(t) 


—2T =f T -T; T, jJ. TR 2T t 
2 2 


Figure 4.1 А continuous-time periodic square wave. 
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Figure 4.2 The Fourier series co- 
efficients and their envelope for the 
periodic square wave in Figure 4.1 for 
several values of T (with Т, fixed): 
(a) Т = 47; (b) T = 81; (c) T = 
167. 


T increases, or equivalently, as the fundamental frequency wọ = 27/T decreases, the 
envelope is sampled with a closer and closer spacing. As T becomes arbitrarily large, 
the original periodic square wave approaches a rectangular pulse (i.e., all that remains in 
the time domain is an aperiodic signal corresponding to one period of the square wave). 
Also, the Fourier series coefficients, multiplied by T, become more and more closely 
spaced samples of the envelope, so that in some sense (which we will specify shortly) 
the set of Fourier series coefficients approaches the envelope function as T — ~, 

This example illustrates the basic idea behind Fourier's development of a represen- 
tation for aperiodic signals. Specifically, we think of an aperiodic signal as the limit of a 
periodic signal as the period becomes arbitrarily large, and we examine the limiting be- 
havior of the Fourier series representation for this signal. In particular, consider a signal 
x(t) that is of finite duration. That is, for some number 7|, x(t) = 0 if |t| > Тү, as illus- 
trated in Figure 4.3(a). From this aperiodic signal, we can construct a periodic signal X(t) 
for which x(t) is one period, as indicated in Figure 4.3(b). As we choose the period T to 
be larger, X(t) is identical to x(t) over a longer interval, and as Г — ©, X(t) is equal to 
x(t) for any finite value of t. 

Let us now examine the effect of this on the Fourier series representation of X(¢). 
Rewriting eqs. (3.38) and (3.39) here for convenience, with the integral in eq. (3.39) 
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x(t) 


(a) 


x(t) 





—2T -T -h 0 Т, T 2T t 


(b) 


Figure 4.3 (а) Aperiodic signal x(t); (b) periodic signal x(t), constructed 
to be equal to x(f) over one period. 


carried out over the interval —7/2 = t = 7/2, we have 


TE 
X(t) = ? apelo, (4.3) 
к= –әю 
7/2 
ар = di (de idt, (4.4) 
T J-rn 


where wọ = 27/T. Since x(t) = x(t) for |t| < T/2, and also, since x(t) = 0 outside this 
interval, eq. (4.4) can be rewritten as 


1 T/2 | 1 +% А 
dk = т | ae x(ne = = | E x(t)e кна. 
Therefore, defining the envelope X( jw) of Ta, as 
+% 
хош) = | хеш, (4.5) 
we have, for the coefficients ag, 
Bet 
a, = peg kwo). (4.6) 


Combining eqs. (4.6) and (4.3), we can express X(t) in terms of X( jw) as 


+œ 
я) = X, кХ(ушюшшуе”ө, 
К=—® 
or equivalently, since 27/T = wo, 


X(t) = = Y. XGkoo)el""'up, (4.7) 


К=—©® 
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As T — co, X(t) approaches x(t), and consequently, in the limit eq. (4.7) becomes a rep- 
resentation of x(t). Furthermore, wọ — 0 as T — ©, and the right-hand side of eq. (4.7) 
passes to an integral. This can be seen by considering the graphical interpretation of the 
equation, illustrated in Figure 4.4. Each term in the summation on the right-hand side is 
the area of a rectangle of height X( jkwo)e/"""' and width wo. (Here, t is regarded as fixed.) 
As wo — 0, the summation converges to the integral of X(jcw)e/^'. Therefore, using 
the fact that X(t) — x(t) as Т — ~, we see that eqs. (4.7) and (4.5) respectively become 












x(t) = E3 | X(jw)e!'dw (4.8) 


2 )_ 


and 





X(jw) = | x(t)e “аг. (4.9) 


X(j«)el* 







Area = X(jk«g)e/*"0! wg 


X(jk«g)ek"o! 







(К + 1)9g 


k Figure 4.4 Graphical interpretation 
20 ^ of eq. (4.7). 


Equations (4.8) and (4.9) are referred to as the Fourier transform pair, with the func- 
tion X( jw) referred to as the Fourier Transform or Fourier integral of x(t) and eq. (4.8) 
as the inverse Fourier transform equation. The synthesis equation (4.8) plays a role for 
aperiodic signals similar to that of eq. (3.38) for periodic signals, since both represent a 
signal as a linear combination of complex exponentials. For periodic signals, these com- 
plex exponentials have amplitudes {az}, as given by eq. (3.39), and occur at a discrete set 
of harmonically related frequencies ko, k = 0, +1, +2,.... For aperiodic signals, the 
complex exponentials occur at a continuum of frequencies and, according to the synthesis 
equation (4.8), have “amplitude” X(jw)(dw/27r). In analogy with the terminology used 
for the Fourier series coefficients of a periodic signal, the transform X(jw) of an aperiodic 
signal x(t) is commonly referred to as the spectrum of x(t), as it provides us with the in- 
formation needed for describing x(t) as a linear combination (specifically, an integral) of 
sinusoidal signals at different frequencies. 

Based on the above development, or equivalently on a comparison of eq. (4.9) and 
eq. (3.39), we also note that the Fourier coefficients a; of a periodic signal X(t) can be 
expressed in terms of equally spaced samples of the Fourier transform of one period of x(). 
Specifically, suppose that X(t) is a periodic signal with period T and Fourier coefficients 
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ак. Let x(t) be a finite-duration signal that is equal to X(t) over exactly one period—say, 
fors = t = 5 + Т for some value of s—and that is zero otherwise. Then, since eq. (3.39) 
allows us to compute the Fourier coefficients of 3(r) by integrating over any period, 
we can write 


s+T 


s+T р 
а, = zl ђе dt = Fl х(ђе idt, 
5 5 


Since x(t) is zero outside the range 5 = г < s + T we can equivalently write 


T 


—®© 


+00 
a, = т! x(r)e "аг. 
Comparing with eq. (4.9) we conclude that 


" (4.10) 


о = kwp 





1 А 
а = =ХОо) 


where X( јо) is the Fourier transform of x(t). Equation 4.10 states that the Fourier coef- 
ficients of X(t) are proportional to samples of the Fourier transform of one period of X(f). 
This fact, which is often of use in practice, is examined further in Problem 4.37. 


4.1.2 Convergence of Fourier Transforms 


Although the argument we used in deriving the Fourier transform pair assumed that x(r) 
was of arbitrary but finite duration, eqs. (4.8) and (4.9) remain valid for an extremely broad 
class of signals of infinite duration. In fact, our derivation of the Fourier transform suggests 
that a set of conditions like those required for the convergence of Fourier series should also 
apply here, and indeed, that can be shown to be the case.! Specifically, consider X( jw) 
evaluated according to eq. (4.9), and let (f) denote the signal obtained by using X(jw) in 
the right-hand side of eq. (4.8). That is, 


[ f° А 
A E i Jot 
X(t) | А Х(јо)е!® ао. 


What we would like to know is when eq. (4.8) is valid [i.e., when is £(t) a valid represen- 
tation of the original signal x(t)?]. If x(t) has finite energy, i.e., if it is square integrable, 
so that 


| |x) 4: < =, (4.11) 


—% 


then we are guaranteed that X(jw) is finite [i.e., eq. (4.9) converges] and that, with e(t) 
denoting the error between £(7) and x(t) [i-e., e(t) = X(t) — х(ї)], 


'For a mathematically rigorous discussion of the Fourier transform and its properties and applications, 
see R. Bracewell, The Fourier Transform and Its Applications, 2nd ed. (New York: McGraw-Hill Book Com- 
pany, 1986); A. Papoulis, The Fourier Integral and Its Applications (New York: McGraw-Hill Book Company, 
1987); E. С. Titchmarsh, Introduction to the Theory of Fourier Integrals (Oxford: Clarendon Press, 1948); and 
the book by Dym and McKean referenced in footnote 2 of Chapter 3. 
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|. Ё leat = 0. (4.12) 


Equations (4.11) and (4.12) are the aperiodic counterparts of eqs. (3.51) and (3.54) for 
periodic signals. Thus, in a manner similar to that for periodic signals, if x(t) has finite 
energy, then, although x(t) and its Fourier representation %(t) may differ significantly at 
individual values of t, there is no energy in their difference. 

Just as with periodic signals, there is an alternative set of conditions which are suffi- 
cient to ensure that X(f) is equal to x(t) for any t except at a discontinuity, where it is equal 
to the average of the values on either side of the discontinuity. These conditions, again 
referred to as the Dirichlet conditions, require that: 


1. x(t) be absolutely integrable; that is, 


| Ix(t)idt < c. (4.13) 


2. x(t) have a finite number of maxima and minima within any finite interval. 


3. x(t) have a finite number of discontinuities within any finite interval. Futhermore, 
each of these discontinuities must be finite. 


Therefore, absolutely integrable signals that are continuous or that have a finite number of 
discontinuities have Fourier transforms. 

Although the two alternative sets of conditions that we have given are sufficient to 
guarantee that a signal has a Fourier transform, we will see in the next section that peri- 
odic signals, which are neither absolutely integrable nor square integrable over an infinite 
interval, can be considered to have Fourier transforms if impulse functions are permitted 
in the transform. This has the advantage that the Fourier series and Fourier transform can 
be incorporated into a common framework, which we will find to be very convenient in 
subsequent chapters. Before examining the point further in Section 4.2, however, let us 
consider several examples of the Fourier transform. 


4.1.3 Examples of Continuous-Time Fourier Transforms 


Example 4.1 
И Consider the signal 
x(t) = е “u(t) a>O. 


SS From eq. (4.9), 


= 


1 
a+ jo 





eg (at joy 


X(jo) = | ete Mgt = — 
a 0 


That is, 
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Since this Fourier transform is complex valued, to plot it as a function of w, we express 
X( jw) in terms of its magnitude and phase: 
1 w 
|X(jo)) = ——=, (јә) = — tan”! (e) 
уа? + w? а 
Each of these components is sketched іп Figure 4.5. 
Note that if a is complex rather than real, then x(t) is absolutely integrable as long 


as Refa} > 0, and in this case the preceding calculation yields the same form for X(jw). 
That is, 


X(jw) = 





a , а} > 0. 
a+ jw 


IX(jo)l 





(b) 


Figure 4.5 Fourier transform of the signal x(t) = e *'u(t), a > 0, consid- 
ered in Example 4.1. 


Example 4.2 
Let 


х) = e, a>0. 
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This signal is sketched in Figure 4.6. The Fourier transform of the signal is 


X(jo) 


+20 , 0 © 
| ele iot dt = | eve I" qua. [ ee Jot dt 
—х 0 


-2 








1 1 
— *} = 
a— jo а+ јо 
Е 2а 
© а2+в@?` 


In this case X( jæ) is real, and it is illustrated in Figure 4.7. 





x(t) 


Figure 4.6 Signal x(t) = e ?' of Example 4.2. 


Хо) 





Figure 4.7 Fourier transform of the signal considered in Example 4.2 апа 
depicted in Figure 4.6. 


Example 4.3 
Now let us determine the Fourier transform of the unit impulse 
| x(t) = (0). (4.14) 
: : Substituting into eq. (4.9) yields 


4x 
X(jo) — | 8(0)е dt = 1. (4.15) 
_ That is, the unit impulse has a Fourier transform consisting of equal contributions at all 
_ frequencies. 
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Example 4.4 


Consider the rectangular pulse signal 


L ier 


Q, 221° (4:16) 


x(t) = | 
as shown in Figure 4.8(a). Applying eq. (4.9), we find that the Fourier transform of this 
signal is 


sinwT} 
=o 


T, | 
X(jw) = | eg "dr = 2 (4.17) 
-fi 


as sketched in Figure 4.8(b). 


Figure 4.8 (a) The rectangular pulse signal of Example 4.4 and (b) its 
Fourier transform. 


As we discussed at the beginning of this section, the signal given by eq. (4.16) can be 
thought of as the limiting form of a periodic square wave as the period becomes arbitrarily 
large. Therefore, we might expect that the convergence of the synthesis equation for this 
signal would behave in a manner similar to that observed in Example 3.5 for the square 
wave. This is, in fact, the case. Specifically, consider the inverse Fourier transform for the 
rectangular pulse signal: 


+06 ; 
R(t) = =| Sine Ti „ш gay 
2T 


Then, since x(t) is square integrable, 
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+0 
| |x(t) — &(DP dt = 0. 


Furthermore, because x(t) satisfies the Dirichlet conditions, £(/) = x(t), except at the 
points of discontinuity, t = +7, where X(t) converges to 1/2, which is the average of 
the values of x(t) on both sides of the discontinuity. In addition, the convergence of £(t) 
to x(t) exhibits the Gibbs phenomenon, much as was illustrated for the periodic square 
wave in Figure 3.9. Specifically, in analogy with the finite Fourier series approximation, 
eq. (3.47), consider the following integral over a finite-length interval of frequencies: 


W . 
| 28D oT „ы do 
2a =W w 


As W — co, this signal converges to x(t) everywhere, except at the discontinuities. More- 
over, the signal exhibits ripples near the discontinuities. The peak amplitude of these rip- 
ples does not decrease as W increases, although the ripples do become compressed toward 
the discontinuity, and the energy in the ripples converges to zero. 


Example 4.5 


Consider the signal x(t) whose Fourier transform is 


1, о < № 


X(jw) = ү lol SW (4.18) 
This transform is illustrated in Figure 4.9(a). Using the synthesis equation (4.8), we сап 


X(jo) 


+ 


—m/W TN 
(b) 


Figure 4.9 Fourier transform pair of Example 4.5: (a) Fourier transform for 
Example 4.5 and (b) the corresponding time function. 
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.. then determine 





1 Г i 
x(t) = zl e”'dw = \ (4.19) 
T J-w 
which is depicted in Figure 4.9(b). 


Comparing Figures 4.8 and 4.9 or, equivalently, eqs. (4.16) and (4.17) with eqs. 
(4.18) and (4.19), we see an interesting relationship. In each case, the Fourier transform 
pair consists of a function of the form (sin a0)/b0 and a rectangular pulse. However, in 
Example 4.4, it is the signal x(t) that is a pulse, while in Example 4.5, it is the transform 
X(jw). The special relationship that is apparent here is a direct consequence of the duality 
property for Fourier transforms, which we discuss in detail in Section 4.3.6. 

Functions of the form given in eqs. (4.17) and (4.19) arise frequently in Fourier 
analysis and in the study of LTI systems and are referred to as sinc functions. A commonly 
used precise form for the sinc function is 


sin 76 
пө ` 


The sinc function is plotted in Figure 4.10. Both of the signals in eqs. (4.17) and (4.19) 
can be expressed in terms of the sinc function: 


zamat; una = 2T; sinc es 
w т 


sinWt W. (= ) 
= — sinc 
ті т 





sinc(0) = (4.20) 





sinc (Ө) 





8 


Figure 4.10 The sinc function. 


Finally, we can gain insight into one other property of the Fourier transform by 
examining Figure 4.9, which we have redrawn as Figure 4.11 for several different values 
of W. From this figure, we see that as W increases, X(jw) becomes broader, while the 
main peak of x(t) at t = 0 becomes higher and the width of the first lobe of this sig- 
nal (i.e., the part of the signal for |t| < /W) becomes narrower. In fact, in the limit as 
W — ©, X(jw) = 1 for all w, and consequently, from Example 4.3, we see that x(t) in 
eq. (4.19) converges to an impulse as W — œ. The behavior depicted in Figure 4.11 is 
an example of the inverse relationship that exists between the time and frequency domains, 
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xt) 
W/m 
xo(t) 
W/T 
—m/W4 T/W: 
t t 
—T/W» т/\М/ә 
X, (је) Xo(j«) 
С. oO mmo 
—W; ПА w м ПА m 
(a) (b) 
xa(t) 
Wsa/ 
= п/з a/W3 t 
Хз(јо) 
1 
-W3 W3 © 


(c) 
Figure 4.11 Fourier transform pair of Figure 4.9 for several different values of W. 
and we can see a similar effect in Figure 4.8, where an increase in T, broadens x(t) but 


makes X( jw) narrower. In Section 4.3.5, we provide an explanation of this behavior in the 
context of the scaling property of the Fourier transform. 


4.2 THE FOURIER TRANSFORM FOR PERIODIC SIGNALS 


In the preceding section, we introduced the Fourier transform representation and gave 
several examples. While our attention in that section was focused on aperiodic signals, we 
can also develop Fourier transform representations for periodic signals, thus allowing us to 
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consider both periodic and aperiodic signals within a unified context. In fact, as we will see, 
we can construct the Fourier transform of a periodic signal directly from its Fourier series 
representation. The resulting transform consists of a train of impulses in the frequency 
domain, with the areas of the impulses proportional to the Fourier series coefficients. This 
will turn out to be a very useful representation. 

To suggest the general result, let us consider a signal x(t) with Fourier transform 
X(jw) that is a single impulse of area 27r at w = wo; that is, 


X(jo) = 2т8(® — wo). (4.21) 


To determine the signal x(t) for which this is the Fourier transform, we can apply the 
inverse transform relation, eq. (4.8), to obtain 


x(t) э | 2778(w — woje” dw 
2т 


— о 


= ele. 


More generally, if X( jw) is of the form of a linear combination of irapulses equally spaced 
in frequency, that is, 


X(jo) = У 2a,5(w — kwo), (4.22) 


к= –% 


then the application of eq. (4.8) yields 


+00 
x(t) = > aye! kor, (4.23) 


К=—= 


We see that eq. (4.23) corresponds exactly to the Fourier series representation of a periodic 
signal, as specified by eq. (3.38). Thus, the Fourier transform of a periodic signal with 
Fourier series coefficients {a,} can be interpreted as a train of impulses occurring at the 
harmonically related frequencies and for which the area of the impulse at the kth harmonic 
frequency kwo is 27 times the kth Fourier series coefficient ад. 


Example 4.6 


Consider again the square wave illustrated in Figure 4.1. The Fourier series coefficients 
for this signal are 


- sin kooT| 
mk c 
| _ and the Fourier transform of the signal is 


+x F 
Хо) = >> ET s ко) 


k=-=x 
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_ which is sketched in Figure 4.12 for T = 47). In comparison with Figure 3.7(a), the 
only differences are a proportionality factor of 27 and the use of impulses rather than а 


.. bar graph. 





Figure 4.12 Fourier transform of a symmetric periodic square wave. 


Example 4.7 
= Let 


x(t) = sin wot. 


.. The Fourier series coefficients for this signal are 





|. Thus, the Fourier transform is as shown in Figure 4.13(a). Similarly, for 
x(t) = cos opt, 
.. the Fourier series coefficients are 
а = d-, = P 
ак = 0, k-1 or —1. 


_ - The Fourier transform of this signal is depicted in Figure 4.13(b). These two transforms 
_ will be of considerable importance when we analyze sinusoidal modulation systems in 


Chapter 8. 
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X(jo) 
mij 
-w0 
0 wo w 

=] (а) 

Хіс) 

T T 

709 0 Wo = 


(b) 





Figure 4.13 Fourier transforms of (a) x(t) = sin œt; (b) x(t) = cos apf. 


Example 4.8 


A signal that we will find extremely useful in our analysis of sampling systems in Chap- 
ter 7 is the impulse train 


x(t) = > &(t — kT), 


к= о 


which is periodic with period Т, as indicated in Figure 4.14(a). The Fourier series coef- 
ficients for this signal were computed in Example 3.8 and are given by 


«TD 
ak = z| sfe Jv dt = — 
T J-rn 


That is, every Fourier coefficient of the periodic impulse train has the same value, 1/T. 
Substituting this value for a, in eq. (4.22) yields 


хо) = 2" У sfo- 7) 


К=—® 


Thus, the Fourier transform of a periodic impulse train in the time domain with pe- 
riod T is a periodic impulse train in the frequency domain with period 27/T, as sketched 
in Figure 4.14(b). Here again, we see an illustration of the inverse relationship between 
the time and the frequency domains. As the spacing between the impulses in the time 
domain (i.e., the period) gets longer, the spacing between the impulses in the frequency 
domain (namely, the fundamental frequency) gets smaller. 
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т 4т w 


T Ed T 
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(b) 


Figure 4.14 (a) Periodic impulse train; (b) its Fourier transform. 


4.3 PROPERTIES OF THE CONTINUOUS-TIME FOURIER TRANSFORM 


In this and the following two sections, we consider a number of properties of the Fourier 
transform. А detailed listing of these properties is given in Table 4.1 in Section 4.6. As was 
the case for the Fourier series representation of periodic signals, these properties provide 
us with a significant amount of insight into the transform and into the relationship between 
the time-domain and frequency-domain descriptions of a signal. In addition, many of the 
properties are often useful in reducing the complexity of the evaluation of Fourier trans- 
forms or inverse transforms. Furthermore, as described in the preceding section, there is 
a close relationship between the Fourier series and Fourier transform representations of a 
periodic signal, and using this relationship, we can translate many of the Fourier transform 
properties into corresponding Fourier series properties, which we discussed independently 
in Chapter 3. (See, in particular, Section 3.5 and Table 3.1.) 

Throughout the discussion in this section, we will be referring frequently to functions 
of time and their Fourier transforms, and we will find it convenient to use a shorthand 
notation to indicate the pairing of a signal and its transform. As developed in Section 4.1, 
a signal x(t) and its Fourier transform X(jw) are related by the Fourier transform synthesis 
and analysis equations, 


+20 
[ед. (4.8)] x(t) = = | X(jæ)e "dw (4.24) 
and 


+o 


[eq. (4.9)] X(jw) = | x(t)e dr (4.25) 


—00 
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We will sometimes find it convenient to refer to X( jw) with the notation F{x(1)} and 
to x(t) with the notation F~'{X(jw)}. We will also refer to x(t) and X( jo) as a Fourier 
transform pair with the notation 

F 
x(t) < X(jo). 


Thus, with reference to Example 4.1, 


1 
a+ jo 


—at =a! 1 
ё “ap ж {=a}: 


= Fe “u(t)}, 





and 





4.3.1 Linearity 


If 
F . 
x(t) —— X(jw) 
and 
F 
y(t) — Y(jo), 
then 


axi) + byt) e— aio) +BY wr. (4.26) 


The proof of eq. (4.26) follows directly by application of the analysis eq. (4.25) to ax(t) + 
by(t). The linearity property is easily extended to a linear combination of an arbitrary 
number of signals. 





4.3.2 Time Shifting 
If 


F 
X(t) <> X(jo), 


жее cP OR Ge), (4.27) 


then 
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To establish this property, consider eq. (4.24): 


х = E B X(jo)e/"'dw. 


Replacing t by ¢ — to in this equation, we obtain 


+оо 
x(t — to) =| X(jw)el? dw 


L oq А ; 
= =| (e) xGo))eP"do. 


Recognizing this as the synthesis equation for x(t — tọ), we conclude that 


F{x(t — t9)) = eJ" X( jw). 


One consequence of the time-shift property is that a signal which is shifted in time 
does not have the magnitude of its Fourier transform altered. That is, if we express X(jw) 


in polar form as 
F{x(t)} = X(jo) = |X(je)|e/*XU9, 
then 


S(x(t — to)} = e JX јо) = |Х(}ш)|е1®ХЧ®)-в1, 


Thus, the effect of a time shift оп a signal is to introduce into its transform a phase shift, 


namely, —wto, which is a linear function of w. 


Example 4.9 






Figure 4.15(a). 
x(t) = 50 — 2.5) + xo(t — 2.5), 


.15(b) and (c). Then, using the result from Example 4.4, we obtain 


. 2sin(3w/2) 


Eee memen 


and X:(jw) 





Xi) ea aus] sin(w/2) + cd 


w 


To illustrate the usefulness of the Fourier transform linearity and time-shift proper- 
ties, let us consider the evaluation of the Fourier transform of the signal x(t) shown in 


First, we observe that x(t) can be expressed as the linear combination 


where the signals x,(t) and х›(г) are the rectangular pulse signals shown in Figure 


Finally, using the linearity and time-shift properties of the Fourier transform yields 


Chapter 4 The Continuous-Time Fourier Transform 303 


———— Е „= >= ——————————__— ЧАА 
t 


x(t) 
ey 
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1 
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(a) 


xit) 
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b) 
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1 X(t) 
=з E 
2 2 
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Figure 4.15 Decomposing a signal into the linear combination of two sim- 
pler signals. (a) The signal x(f) for Example 4.9; (b) and (c) the two compo- 
nent signals used to represent x(t). 


4.3.3 Conjugation and Conjugate Symmetry 
The conjugation property states that if 


F 
x(t) <> X(jo), 


Ре (4.28) 


This property follows from the evaluation of the complex conjugate of eq. (4.25): 


—00 


X'(jo) = | “ете! a 
= | уде dt. 


Replacing w by —w, we see that 


+оо 
X*(—jw) = | хде} dt. (4.29) 


—00 
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Recognizing that the right-hand side of eq. (4.29) is the Fourier transform analysis equation 
for x*(t), we obtain the relation given in eq. (4.28). 
The conjugation property allows us to show that if x(t) is real, then Х( jæ) has con- 


jugate symmetry; that is, 
X(— jo) = X'(jo) [х(ї) real). | (4.30) 


Specifically, if x(t) is real so that x*(t) = x(t), we have, from eq. (4.29), 








4» 
X'(— jo) = | x(r)e/*' dt = X(jw), 
and eq. (4.30) follows by replacing w with ~w. 
From Example 4.1, with x(t) = e ^'u(t), 





and 


As one consequence of eq. (4.30), if we express X( jw) in rectangular form as 
X(jw) = Re{X(jo)} + jIm{X(jo)}, 
then if x(t) is real, 
Re{X(jw)} = Re{X(— jw)} 
and 
Im{X(jw)} = —Im{X(—jo)}. 


That is, the real part of the Fourier transform is an even function of frequency, and the 
imaginary part is an odd function of frequency. Similarly, if we express X(jw) in polar 
form as 


X(jo) = |X joje, 


then it follows from eq. (4.30) that |X(jw)| is an even function of о and 4:X( jc) is an 
odd function of w. Thus, when computing or displaying the Fourier transform of a real- 
valued signal, the real and imaginary parts or magnitude and phase of the transform need 
only be specified for positive frequencies, as the values for negative frequencies can be 
determined directly from the values for @ > 0 using the relationships just derived. 

As a further consequence of eq. (4.30), if x(t) is both real and even, then X(jw) will 
also be real and even. To see this, we write 


X(- jo) = | дей" dt, 


—00 
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or, with the substitution т = —t, 
+00 . 
X(— jo) = | x(—T)e Mdr. 
Since х(—т) = х(т), we have 
+оо 


Х(- jw) = | х(т)е і ат 


—% 


= X(jw). 


Thus, X(jw) is an even function. This, together with eq. (4.30), also requires that 
X'(jo) = X(jw) [i.e., that X(jw) is real]. Example 4.2 illustrates this property for the 
real, even signal e -alil In a similar manner, it can be shown that if x(t) is a real and odd 
function of time, so that x(t) = —x(—1), then X(jw) is purely imaginary and odd. 

Finally, as was discussed in Chapter 1, a real function x(t) can always be expressed 
in terms of the sum of an even function x,(t) = &v{x(t)} and an odd function x,(t) = 
Od{x(t)}; that is, 


x(t) = xe(t) + xo(t). 
From the linearity of the Fourier transform, 
F{x(t)} = Hx} + F{xo(}, 


and from the preceding discussion, F{xe(t)} is a real function and F{x,(1)} is purely imag- 
inary. Thus, we can conclude that, with x(t) real, 


F 
x(t) —> X(jo), 
g 
&v(x()) < Re{X(jw)}, 
y 
Od(x(t)) < jIm{X(jo)}. 
One use of these symmetry properties is illustrated in the following example. 


Example 4.10 


_ Consider again the Fourier transform evaluation of Example 4.2 for the signal x(t) = 
_ e “ll, where a > 0. This time we will utilize the symmetry properties of the Fourier 
2 Mech to aid the evaluation process. 
From Example 4.1, we have 


e “u(t) < 





a+ jw 


à ` Note that for t > 0, x(t) equals e ^'u(t), while for t < 0, x(t) takes on mirror image 
__ values. That is, 
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x(t) = e! = eult) + e”u(—t) 


e ult) + e“u(—t) 
2| 2 | 


= vje "'u(r)). 






Since e~“ u(t) is real valued, the symmetry properties of the Fourier transform lead us 





&v(e "'u(t)) PN Re| > Hel р 





X(jw) = 28e] : | = 28 


a+ jo а? + о?’ 


which is the same as the answer found in Example 4.2. 


4.3.4 Differentiation and Integration 


Let x(t) be a signal with Fourier transform X(jw). Then, by differentiating both sides of 
the Fourier transform synthesis equation (4.24), we obtain 











+90 
2 = x | јоХ(јо)еі® ао. 
Therefore, 
ах) F , . 
х0 а RGU (4.31) 


This is a particularly important property, as it replaces the operation of differentiation in 
the time domain with that of multiplication by jw in the frequency domain. We will find 
the substitution to be extremely useful in our discussion in Section 4.7 on the use of Fourier 
transforms for the analysis of LTI systems described by differential equations. 

Since differentiation in the time domain corresponds to multiplication by jw in the 
frequency domain, one might conclude that integration should involve division by jw in 
the frequency domain. This is indeed the case, but it is only one part of the picture. The 
precise relationship is 


| х(т)ат $5, as XO) t тХ(0)ё (о). (4.32) 





The impulse term on the right-hand side of eq. (4.32) reflects the dc ог average value that 
can result from integration. 
The use of eqs. (4.31) and (4.32) is illustrated in the next two examples. 
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a 


Example 4.11 


Let us determine the Fourier transform X( j«) of the unit step x(t) = u(t), making use 
of eq. (4.32) and the knowledge that 


F 
g(t) = (1) — G(jo) = 1. 


Noting that 
t 
x(t) = | g(r)dT 


and taking the Fourier transform of both sides, we obtain 


XGje) = S99) + „еб, 
Jo 


where we have used the integration property listed in Table 4.1. Since G( jw) = 1, we 
conclude that 


1 
X(jo) = — + mÓ(o). (4.33) 
jw 
Observe that we can apply the differentiation property of eq. (4.31) to recover the 


transform of the impulse. That is, 


du(t) " ӯ 


би) = а 








> | 1 bo) = T. 
jo 
where the last equality follows from the fact that w5(w) = 0. 


Example 4.12 
Suppose that we wish to calculate the Fourier transform X( j«) for the signal х(ї) dis- 


played in Figure 4.16(a). Rather than applying the Fourier integral directly to x(t), we 
instead consider the signal 


d 
g(t) = q ® 


x(t) 





(b) 4 5 


Figure 4.16 (а) A signal x(t) for which the Fourier transform is to be eval- 
uated; (b) representation of the derivative of x(t) as the sum of two components. 
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As illustrated in Figure 4.16(b), g(t) is the sum of a rectangular pulse and two impulses. 
_ The Fourier transforms of each of these component signals may be determined from 
Table 4.2: 





G(jo) = (26 )- e" — gio, 


Note that G(0) = 0. Using the integration property, we obtair 





x(jo) = S99 + «so. 
jw 
. With G(0) = 0 this becomes 
X(jo) = etd | 2с050 








jo* jo 


_ The expression for X( jw) is purely imaginary and odd, which is consistent with the fact 
that x(t) is real and odd. 


4.3.5 Time and Frequency Scaling 
If 


F . 
x(t) < X(jo), 


then 


(4.34) 





where a is a nonzero real number. This property follows directly from the definition of 
the Fourier transform—specifically, 


+00 


F{x(at)} - | x(at)e "dt. 


—© 


Using the substitution т = at, we obtain 


j fe? = 
= x(rje idr, а> 0 
a 


—%® 


F{x(at)} = 


+® 
-il х(т)е “dz, а<0 
a 


—00 








which corresponds to eq. (4.34). Thus, aside from the amplitude factor 1/|a|, a linear scal- 
ing in time by a factor of a corresponds to a linear scaling in frequency by a factor of 1/a, 
and vice versa. Also, letting a = —1, we see from eq. (4.34) that 
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х(—ї) А.Р Х(— jw). (4.35) 


That is, reversing a signal іп time also reverses its Fourier transform. 

A common illustration of eq. (4.34) is the effect on frequency content that results 
when an audiotape is recorded at one speed and played back at a different speed. If the 
playback speed is higher than the recording speed, corresponding to compression in time 
(i.e., a > 1), then the spectrum is expanded in frequency (i.e., the audible effect is that the 
playback frequencies are higher). Conversely, the signal played back will be scaled down 
in frequency if the playback speed is slower than the recording speed (0 < a < 1). For 
example, if a recording of the sound of a small bell ringing is played back at a reduced 
speed, the result will sound like the chiming of a larger and deeper sounding bell. 

The scaling property is another example of the inverse relationship between time 
and frequency that we have already encountered on several occasions. For example, we 
have seen that as we increase the period of a sinusoidal signal, we decrease its frequency. 
Also, as we saw in Example 4.5 (see Figure 4.11), if we consider the transform 


., [Lh le| «Ww 
хов) =| 5 lo| > W' 


then as we increase W, the inverse transform of X(jw) becomes narrower and taller and 
approaches an impulse as W — о. Finally, in Example 4.8, we saw that the spacing in the 
frequency domain between impulses in the Fourier transform of a periodic impulse train 
is inversely proportional to the spacing in the time domain. 

The inverse relationship between the time and frequency domains is of great im- 
portance in a variety of signal and systems contexts, including filtering and filter design, 
and we will encounter its consequences on numerous occasions in the remainder of the 
book. In addition, the reader may very well come across the implications of this property 
in studying a wide variety of other topics in science and engineering. One example is the 
uncertainty principle in physics; another is illustrated in Problem 4.49. 





4.3.6 Duality 


By comparing the transform and inverse transform relations given in eqs. (4.24) and (4.25), 
we observe that these equations are similar, but not quite identical, in form. This symmetry 
leads to a property of the Fourier transform referred to as duality. In Example 4.5, we 
alluded to duality when we noted the relationship that exists between the Fourier transform 
pairs of Examples 4.4 and 4.5. In the former example we derived the Fourier transform 
pair 


L W< 2sinoT, 





F T 
x\(t) = Ё [>т 7 Xi(jo) = (4.36) 
while in the latter we considered the pair 
| sinWt 5 sa [Lh |le| «Ww 
xx(t) аа = X2(jw) ы | 0, lol > №: (4.37) 
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Х; (jo) 


x,(t) 





elt) Xo (јо) 





=W w w 


Figure 4.17 Relationship between the Fourier transform pairs of eqs. (4.36) 
and (4.37). 


The two Fourier transform pairs and the relationship between them are depicted in 
Figure 4.17. 

The symmetry exhibited by these two examples extends to Fourier transforms in 
general. Specifically, because of the symmetry between ед5. (4.24) and (4.25), for any 
transform pair, there is a dual pair with the time and frequency variables interchanged. 
This is best illustrated through an example. 


Example 4.13 


Let us consider using duality to find the Fourier transform G( jo) of the signal 





80) = 14-0 


In Example 4.2 we encountered a Fourier transform pair in which the Fourier transform, 


as a function of w, had a form similar to that of the signal g(r). Specifically, suppose we 
consider a signal x(t) whose Fourier transform is 


X(jw) = 





1+?’ 
Then, from Example 4.2, 


x(t) = ell eS, X(jo) — i Ly 
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The synthesis equation for this Fourier transform pair is 


-hrl = EJ i 2 jwi 
e o M nm edw. 


Multiplying this equation by 27 and replacing t by —t, we obtain 


2me ltl = | h M ено 


Now, interchanging the names of the variables t and о, we find that 











27e lel = | ( : д Je Mat (4.38) 


The right-hand side of eq. (4.38) is the Fourier transform analysis equation for 2/(1 + 12), 
and thus, we conclude that 





2 E 
sf i za] = 2qe lol , 


The duality property can also be used to determine or to suggest other properties of 
Fourier transforms. Specifically, if there are characteristics of a function of time that have 
implications with regard to the Fourier transform, then the same characteristics associated 
with a function of frequency will have dual implications in the time domain. For example, 
in Section 4.3.4, we saw that differentiation in the time domain corresponds to multiplica- 
tion by jw in the frequency domain. From the preceding discussion, we might then suspect 
that multiplication by jt in the time domain corresponds roughly to differentiation in the 
frequency domain. To determine the precise form of this dual property, we can proceed 
in a fashion exactly analogous to that used in Section 4.3.4. Thus, if we differentiate the 
analysis equation (4.25) with respect to w, we obtain 








$ +% 
а = | — jtx(De аг. (4.39) 
That is, 
ғ dX(j 
= jtx(t) <> Оа) (4.40) 


Similarly, we can derive the dual properties of eqs. (4.27) and (4.32): 
А g | 
eJ"! x(t) —> X(j(@ — wo)) (4.41) 


о 


-770 + ax(0)8(t) Ls | x(n)dn. (4.42) 


and 





312 Signals and Systems, Second Edition 





4.3.7 Parseval's Relation 


If x(t) and X( jo) are a Fourier transform pair, then 


(4.43) 





T9 1 +x 
| ора = 5 | IX Go Pde. 





This expression, referred to as Parseval's relation, follows from direct application of the 
Fourier transform. Specifically, 


+% +оо 
| xÐ dt = | x(t)x" (dt 


—96 


- | nolz | “ume Malan 


Reversing the order of integration gives 


—® 


+20 1 Tc + Р 
| ‚|х(0[ а = =| X'(jo) | x(the "dt |dw. 
= ЭТ =» 
The bracketed term is simply the Fourier transform of x(t); thus, 
ий 2 DT" 2 
B |x(t)|?dt = xl. Xo) do. 


The term on the left-hand side of eq. (4.43) is the total energy in the signal x(t). 
Parseval's relation says that this total energy may be determined either by computing the 
energy per unit time (|x(t)|?) and integrating over all time or by computing the energy per 
unit frequency (|X( jw)|?/27) and integrating over all frequencies. For this reason, |X( jw)? 
is often referred to as the energy-density spectrum of the signal x(t). (See also Problem 
4.45.) Note that Parseval's relation for finite-energy signals is the direct counterpart of 
Parseval's relation for periodic signals (eq. 3.67), which states that the average power of 
a periodic signal equals the sum of the average powers of its individual harmonic compo- 
nents, which in turn are equal to the squared magnitudes of the Fourier series coefficients. 

Parseval's relation and other Fourier transform properties are often useful in deter- 
mining some time domain characteristics of a signal directly from the Fourier transform. 
The next example is a simple illustration of this. 


Example 4.14 





For each of the Fourier transforms shown in Figure 4.18, we wish to evaluate the follow- 
_ ing time-domain expressions: 





E= | хора 


а 
D = anew 





1=0 
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(b) 


Figure 4.18 The Fourier transforms considered in Example 4.14. 


To evaluate E in the frequency domain, we may use Parseval’s relation. That is, 


M VP 
E э: | (хое) ао (4.44) 


which evaluates to ` for Figure 4.18(a) and to 1 for Figure 4.18(b). 
To evaluate D in the frequency domain, we first use the differentiation property to 
observe that 


d Ж _ Р , 
80) = 4,x(0 < jwX(jw) = С(јо). 
Noting that 


1 [= 
D = g(0) = xj Madea (4.45) 


we conclude: 


x 


D - | joX(jo)do (4.46) 


which evaluates to zero for figure 4.18(a) and to —vV for Figure 4.18(b). 


There are many other properties of the Fourier transform in addition to those we have 
already discussed. In the next two sections, we present two specific properties that play 
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particularly central roles in the study of LTI systems and their applications. The first of 
these, discussed in Section 4.4, is referred to as the convolution property, which is central 
to many signals and systems applications, including filtering. The second, discussed in 
Section 4.5, is referred to as the multiplication property, and it provides the foundation 
for our discussion of sampling in Chapter 7 and amplitude modulation in Chapter 8. In 
Section 4.6, we summarize the properties of the Fourier transform. 


4.4 THE CONVOLUTION PROPERTY 


As we saw in Chapter 3, if a periodic signal is represented in a Fourier series—i.e., as 
a linear combination of harmonically related complex exponentials, as in eq. (3.38)— 
then the response of an LTI system to this input can also be represented by a Fourier 
series. Because complex exponentials are eigenfunctions of LTI systems, the Fourier series 
coefficients of the output are those of the input multiplied by the frequency response of 
the system evaluated at the corresponding harmonic frequencies. 

In this section, we extend this result to the situation in which the signals are aperiodic. 
We first derive the property somewhat informally, to build on the intuition we developed for 
periodic signals in Chapter 3, and then provide a brief, formal derivation starting directly 
from the convolution integral. 

Recall our interpretation of the Fourier transform synthesis equation as an expression 
for x(t) as a linear combination of complex exponentials. Specifically, referring back to 
eq. (4.7), x(t) is expressed as the limit of a sum; that is, 


re i ] x j 

== = Xi Jot = li ж ; j kept à 5 
x(t) = i (jo)e'"'do n. Sac 2 , X koe (00 (4.47) 
As developed in Sections 3.2 and 3.8, the response of a linear system with impulse response 
h(t) to a complex exponential e/* is H( jkwo)e/*', where 
+ 


hitje )*"v qr, (4.48) 


—%® 


H(jkwo) = | 


We can recognize the frequency response H( jw), as defined in eq. (3.121), as the Fourier 
transform of the system impulse response. In other words, the Fourier transform of the 
impulse response (evaluated atw = kwo) is the complex scaling factor that the LTI system 
applies to the eigenfunction e/*"v', From superposition [see eq. (3.124)], we then have 


І < ; j 1 = ; ; jk 
эт D XGkoo)el* "og — = > X(jkwo)H(jkwo)e/* ao, 


К=—® К=—® 
and thus, from eq. (4.47), the response of the linear system to x(t) is 


1 1 E П г іо) 
y(t) = J 5 2. Xo) Hope! wg 


(4.49) 


] qe z 
x dm. З ; jet 
on N X(jo)H(jo)e/"'do. 
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Since y(t) and its Fourier transform Y(jw) are related by 


Lg ; 
ig 10 п jot 
y(t) 3c |. Y(jo)e""'do, (4.50) 
we can identify Y(j«) from eq. (4.49), yielding 
Y(jo) = X(jo)H(jo). (4.51) 


As a more formal derivation, we consider the convolution integral 


y(t) = | с x(r)h(t = т)ат. (4.52) 


—%® 


We desire Y( jw), which is 


=% 


Y(jo) = Hy} = B J roe = vr eas (4.53) 


Interchanging the order of integration and noting that х(т) does not depend on /, we have 


—%® 


+00 +% 
Y(jo) -| «ol ha — neas (4.54) 


By the time-shift property, eq. (4.27), the bracketed term is e J^" H( jv). Substituting this 
into eq. (4.54) yields 





m +00 
Y(jo) = | x(r)e °"Н(јо)ат = HG) | х(т)е "dr. (4.55) 
The integral is X(jw), and hence, 
Y(jo) = H(jw)X(jo). 
That is, 
9 
y(t) = h(t) * x(t) < Y(jo) = нуш). (4.56) 





Equation (4.56) is of major importance in signal and system analysis. As expressed 
in this equation, the Fourier transform maps the convolution of two signals into the product 
of their Fourier transforms. H(jw), the Fourier transform of the impulse response, is the 
frequency response as defined in eq. (3.121) and captures the change in complex amplitude 
of the Fourier transform of the input at each frequency w. For example, in frequency- 
selective filtering we may want to have H(jw) = 1 over one range of frequencies, so that 
the frequency components in this band experience little or no attenuation or change due to 
the system, while over another range of frequencies we may want to have H(jw) = 0, so 
that components in this range are eliminated or significantly attenuated. 
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The frequency response H( jw) plays as important a role in the analysis of LTI sys- 
tems as does its inverse transform, the unit impulse response. For one thing, since A(t) 
completely characterizes an LTI system, then so must H(jw). In addition, many of the 
properties of LTI systems can be conveniently interpreted in terms of H( jo). For exam- 
ple, in Section 2.3, we saw that the impulse response of the cascade of two LTI systems 
is the convolution of the impulse responses of the individual systems and that the over- 
all impulse response does not depend on the order in which the systems are cascaded. 
Using eq. (4.56), we can rephrase this in terms of frequency responses. As illustrated in 
Figure 4.19, since the impulse response of the cascade of two LTI systems is the con- 
volution of the individual impulse responses, the convolution property then implies that 
the overall frequency response of the cascade of two systems is simply the product of 
the individual frequency responses. From this observation, it is then clear that the overall 
frequency response does not depend on the order of the cascade. 


) 


(а 


x(t) Hy (jw)Ho(jeo) y(t) 


(b) 


28 m ў > ho i t) Figure 4.19 Three equivalent LTI 
- ms systems. Here, each block represents 
(с) 


an LTI system with the indicated 
frequency response. 


As discussed in Section 4.1.2, convergence of the Fourier transform is guaranteed 
only under certain conditions, and consequently, the frequency response cannot be defined 
for every LTI system. If, however, an LTI system is stable, then, as we saw in Section 2.3.7 
and Problem 2.49, its impulse response is absolutely integrable; that is, 


| Аас < =, (4.57) 


© 


Equation (4.57) is one of the three Dirichlet conditions that together guarantee the exis- 
tence of the Fourier transform H( jw) of h(t). Thus, assuming that A(t) satisfies the other 
two conditions, as essentially all signals of physical or practical significance do, we see 
that a stable LTI system has a frequency response H( jw). 

In using Fourier analysis to study LTI systems, we will be restricting ourselves 
to systems whose impulse responses possess Fourier transforms. In order to use trans- 
form techniques to examine unstable LTI systems we will develop a generalization of 
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the continuous-time Fourier transform, the Laplace transform. We defer this discussion to 
Chapter 9, and until then we will consider the many problems and practical applications 
that we can analyze using the Fourier transform. 


4.4.1 Examples 
To illustrate the convolution property and its applications further, let us consider several 
examples. 
Example 4.15 
Consider a continuous-time LTI system with impulse response 
A(t) = S(t — to). (4.58) 
The frequency response of this system is the Fourier transform of h(t) and is given by 
H(jo) = e /"^, (4.59) 


Thus, for any input x(r) with Fourier transform X( jæ), the Fourier transform of the output 
is 
Y(jo) = H(jo)X( jo) (4.60) 
= e "o X( jw). 
This result, in fact, is consistent with the time-shift property of Section 4.3.2. Specifi- 


cally, a system for which the impulse response is ô(t — fo) applies a time shift of to to the 
. input— that is, 


y(t) = x(t — to). 


Thus, the shifting property given in eq. (4.27) also yields eq. (4.60). Note that, either from 
our discussion in Section 4.3.2 or directly from eq. (4.59), the frequency response of a 
system that is a pure time shift has unity magnitude at all frequencies (i.e., |e “| = 1) 
and has a phase characteristic —w fo that is a linear function of w. 


Example 4.16 


As a second example, let us examine a differentiator— that is, an LTI system for which 
the input x(f) and the output y(t) are related by 


dx(t) 
dt ` 





y(t) = 


— From the differentiation property of Section 4.3.4, 
Y(jo) = joX(jo). (4.61) 






Consequently, from eq. (4.56), it follows that the frequency response of a differentiator 


H(jo) = jo. (4.62) 
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Example 4.17 


~ Consider an integrator—that is, an LTI system specified by the equation 








І 
y(t) = | х(т)ат. 


| The impulse response for this system is the unit step u(t), and therefore, from Exam- 
ple 4.11 and eq. (4.33), the frequency response of the system is 


H(jo) — di + 178(w). 
jo 


~< 
~ 
M. 
LÀ 
Il 


H(jw)X (jw) 
1 
= —X(jw) + mX(jo)8(o) 
jo 
= 1 ру + тХ(0)ё (о), 
jo 
_ which is consistent with the integration property of eq. (4.32). 


Example 4.18 










As we discussed in Section 3.9.2, frequency-selective filtering is accomplished with an 
LTI system whose frequency response H ( jw) passes the desired range of frequencies and 
significantly attenuates frequencies outside that range. For example, consider the ideal 
- lowpass filter introduced in Section 3.9.2, which has the frequency reponse illustrated in 
_ Figure 4.20 and given by 


1 |o|<o, 


б. use." (4.63) 


H(jo) = | 


- Now that we have developed the Fourier transform representation, we know that the 
~ impulse response h(t) of this ideal filter is the inverse transform of eq. (4.63). Using the 
-result in Example 4.5, we then have 


sin wet 
A(t) = = (4.64) 


. which is plotted in Figure 4.21. 


H(jo) 


We 0 ос о 
~—Stopband -— Passband Stopband —- 


Figure 4.20 Frequency response of an ideal lowpass filter. 
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h(t) 


Oc 
т 
t 
т т 
Әс We 


Figure 4.21 Impulse response of an ideal lowpass filter. 


From Example 4.18, we can begin to see some of the issues that arise in filter design 
that involve looking in both the time and frequency domains. In particular, while the ideal 
lowpass filter does have perfect frequency selectivity, its impulse response has some char- 
acteristics that may not be desirable. First, note that h(r) is not zero for t « 0. Consequently, 
the ideal lowpass filter is not causal, and thus, in applications requiring causal systems, 
the ideal filter is not an option. Moreover, as we discuss in Chapter 6, even if causality 
is not an essential constraint, the ideal filter is not easy to approximate closely, and non- 
ideal filters that are more easily implemented are typically preferred. Furthermore, in some 
applications (such as the automobile suspension system discussed in Section 6.7.1), oscil- 
latory behavior in the impulse response of a lowpass filter may be undesirable. In such 
applications the time domain characteristics of the ideal lowpass filter, as shown in Fig- 
ure 4.21, may be unacceptable, implying that we may need to trade off frequency-domain 
characteristics such as ideal frequency selectivity with time-domain properties. 

For example, consider the LTI system with impulse response 


hit) = e ‘u(t). (4.65) 


The frequency response of this system is 


H(jo) = (4.66) 


jo - V 

Comparing eqs. (3.145) and (4.66), we see that this system can be implemented with 
the simple RC circuit discussed in Section 3.10. The impulse response and the magnitude 
of the frequency response are shown in Figure 4.22. While the system does not have the 
strong frequency selectivity of the ideal lowpass filter, it is causal and has an impulse 
response that decays monotonically, i.e., without oscillations. This filter or somewhat more 
complex ones corresponding to higher order differential equations are quite frequently 
preferred to ideal filters because of their causality, ease of implementation, and flexibility 
in allowing trade-offs, among other design considerations such as frequency selectivity 
and oscillatory behavior in the time domain. Many of these issues will be discussed in 
more detail in Chapter 6. 

The convolution property is often useful in evaluating the convolution integral—i.e., 
in computing the response of LTI systems. This is illustrated in the next example. 
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h(t) 


Ф| 


_| 





(b) 


Figure 4.22 (а) Impulse response of the LTI system in eq. (4.65); 
(b) magnitude of the frequency response of the system. 


Example 4.19 
Consider the response of an LTI system with impulse response 
h(t) = e'"u(t), a>O, 
to the input signal 
x(t)=e "u(t, b>O. 


Rather than computing y(t) = x(t) * A(t) directly, let us transform the problem into the 
frequency domain. From Example 4.1, the Fourier transforms of x(t) and A(t) are 





X(jw) = b+ jw 
and 
H(jo) = : 
a+ jo 
Therefore, 
Yo) = : (4.67) 


(a + jo)(b jo) 


To determine the output y(t), we wish to obtain the inverse transform of Y( jo). 
This is most simply done by expanding Y(jw) іп a partial-fraction expansion. Such 
expansions are extremely useful in evaluating inverse transforms, and the general 
method for performing a partial-fraction expansion is developed in the appendix. For this 
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example, assuming that b # a, the partial fraction expansion for Y( jw) takes the form 


B 


Ye) = eom Brae 








(4.68) 


where A and B are constants to be determined. One way to find A and B is to equate the 
right-hand sides of eqs. (4.67) and (4.68), multiply both sides by (a + jw)(b + jw), and 
solve for A and B. Alternatively, in the appendix we present a more general and efficient 
method for computing the coefficients in partial-fraction expansions such as eq. (4.68). 
Using either of these approaches, we find that 





and therefore, 


1 1 
b-a a* jo b+ је! 





Y(jw) = (4.69) 


The inverse transform for each of the two terms in eq. (4.69) can be recognized 
by inspection. Using the linearity property of Section 4.3.1, we have 





y(t) = [e ult) — e " ut). 


p-a 


When b = a, the partial fraction expansion of eq. (4.69) is not valid. However, with 
b = a, eq. (4.67) becomes 


Recognizing this as 





l -j4] І | 
(a + jw) Ide at јо | 


we can use the dual of the differentiation property, as given in eq. (4.40). Thus, 





9 
e ult) < - 
a jo 





te ult) it = І | = l 
do |a + jw (a+ jw) 


and consequently, 


y(t) = te "u(t). 


Example 4.20 


As another illustration of the usefulness of the convolution property, let us consider the 
problem of determining the response of an ideal lowpass filter to an input signal x(t) that 
has the form of a sinc function. That is, 

sin w;t 


“n= Tí 


Of course, the impulse response of the ideal lowpass filter is of a similar form, namely, 
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sinw,t 


A mt 


The filter output y(t) will therefore be the convolution of two sinc functions, which, as we 
now show, also turns out to be a sinc function. A particularly convenient way of deriving 
this result is to first observe that 


Y(jo) = X(jw)H(jo), 


where 
X - 
Qo) | 0 elsewhere 
апа 
„ 1 le | = o. 
H - T s 
Uo) | 0 elsewhere 
Therefore, 
à 1 [о <= wo 
Yi = ; 
Ue) | 0 elsewhere 


where wọ is the smaller of the two numbers w; and w+. Finally, the inverse Fourier trans- 
form of Y(jw) is given by 





sinet . 
— — jfw. = wi 
тї 
«ms 
sinw;t . 
ifo; = we 
ті 


That is, depending upon which of о, and о; is smaller, the output is equal to either x(t) 
or h(t). 


4.5 THE MULTIPLICATION PROPERTY 


The convolution property states that convolution in the time domain corresponds to mul- 
tiplication in the frequency domain. Because of duality between the time and frequency 
domains, we would expect a dual property also to hold (i.e., that multiplication in the time 
domain corresponds to convolution in the frequency domain). Specifically, 








p ee 
r(t) = s(t)p(t) 9 Кш) = x S(j0)P(j(w— 0))d0 (4.70) 





This can be shown by exploiting duality as discussed in Section 4.3.6, together with the 
convolution property, or by directly using the Fourier transform relations in a manner anal- 
ogous to the procedure used in deriving the convolution property. 

Multiplication of one signal by another can be thought of as using one signal to scale 
or modulate the amplitude of the other, and consequently, the multiplication of two sig- 
nals is often referred to as amplitude modulation. For this reason, eq. (4.70) is sometimes 
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referred to as the modulation property. As we shall see in Chapters 7 and 8, this property 
has several very important applications. To illustrate eq. (4.70), and to suggest one of the 
applications that we will discuss in subsequent chapters, let us consider several examples. 


Example 4.21 


Let s(t) be a signal whose spectrum S( jaw) is depicted in Figure 4.23(a). Also, consider 
the signal 


p(t) = cos wot. 
Then 
P(jw) = mlw — wo) + т8(@ + wo), 


as sketched in Figure 4.23(b), and the spectrum R( jw) of r(t) = s(t)p(t) is obtained by 


S(jw) 
A 





—04 ©з w 


(a) 


P(jw) т 


а 





— WO Wy w 


(b) 


Riju) = i (Sio) + Ра) 


Рр: 


(—wg — вч) (—@p e) = аҹ) (әб + o) 





Figure 4.23 Use of the multiplication property in Example 4.21: (a) the 
Fourier transform of a signal s(t); (b) the Fourier transform of p(t) = cos «t; 
(c) the Fourier transform of r(t) = s(t)p(t). 
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an application of eq. (4.70), yielding 


n 
; 1 á : 
R(jo) = xs | S(jO)P(j(cv — 0))40 
| © 
= 23 (v = @o)) + Fso + wo)), (4.71) 


which is sketched in Figure 4.23(c). Here we have assumed that wo > о, so that the 
two nonzero portions of R( jw) do not overlap. Clearly, the spectrum of r(t) consists of 
the sum of two shifted and scaled versions of S(jw). 

From eq. (4.71) and from Figure 4.23, we see that all of the information in the 
signal s(t) is preserved when we multiply this signal by a sinusoidal signal, although the 
information has been shifted to higher frequencies. This fact forms the basis for sinu- 
soidal amplitude modulation systems for communications. In the next example, we learn 
how we can recover the original signal s(t) from the amplitude-modulated signal r(t). 


Example 4.22 
Let us now consider (г) as obtained in Example 4.21, and let 
g(t) = r(t)p(t), 


where, again, p(t) = coswot. Then, R(jw), P(jw), and G(jw) are as shown in 
Figure 4.24. 

From Figure 4.24(c) and the linearity of the Fourier transform, we see that g(t) 
is the sum of (1/2)s(t) and a signal with a spectrum that is nonzero only at higher frequen- 





R(jw) 
A/2 
—Wo Wo m 
(a) 
T P(jw) т 
—Wo Wo w 
(b) 
О(јо) 
А/Д А/2 А/4 
—2w9 =w о 200 ө 


(с) 


Figure 4.24 Spectra of signals considered in Example 4.22: (a) R( jw); 
(b) Pljw); (c) G(jw). 
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- cies (centered around +2wọ). Suppose then that we apply the signal g(t) as the input to 

a frequency-selective lowpass filter with frequency response H( јо) that is constant at 

— low frequencies (say, for |w| < w) and zero at high frequencies (for |w| > о). Then 

. the output of this system will have as its spectrum H( jo)G( jw), which, because of the 

| particular choice of H( jw), will be a scaled replica of S( jw). Therefore, the output itself 

will be a scaled version of s(t). In Chapter 8, we expand significantly on this idea as we 
develop in detail the fundamentals of amplitude modulation. 


Example 4.23 


Another illustration of the usefulness of the Fourier transform multiplication property is 
provided by the problem of determining the Fourier transform of the signal 


ati) = каи 


The key here is to recognize x(t) as the product of two sinc functions: 


ities oa ee } 


Tí ті 





Applying the multiplication property of the Fourier transform, we obtain 


a «9 | == | 


ті ті 





X(jo) = | 


Noting that the Fourier transform of each sinc function is a rectangular pulse, we can 
proceed to convolve those pulses to obtain the function X( jw) displayed in Figure 4.25. 











X(jw) 
1/2 
ай | 
FC at 1 3 m 
2 2 2 2 


Figure 4.25 The Fourier transform of x(t) in Example 4.23. 


4.5.1 Frequency-Selective Filtering with Variable Center Frequency 


As suggested in Examples 4.21 and 4.22 and developed more fully in Chapter 8, one of the 
important applications of the multiplication property is amplitude modulation in commu- 
nication systems. Another important application is in the implementation of frequency- 
selective bandpass filters with tunable center frequencies that can be adjusted by the 
simple turn of a dial. In a frequency-selective bandpass filter built with elements such 
as resistors, operational amplifiers, and capacitors, the center frequency depends on a 
number of element values, all of which must be varied simultaneously in the correct way 
if the center frequency is to be adjusted directly. This is generally difficult and cumber- 
some in comparison with building a filter whose characteristics are fixed. An alternative 
to directly varying the filter characteristics is to use a fixed frequency-selective filter and 
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shift the spectrum of the signal appropriately, using the principles of sinusoidal amplitude 
modulation. 

For example, consider the system shown in Figure 4.26. Here, an input signal 
x(t) is multiplied by the complex exponential signal e^, The resulting signal is then 
passed through a lowpass filter with cutoff frequency w. , and the output is multiplied by 
e /"«t, The spectra of the signals x(t), y(t), w(t), and f (t) are illustrated in Figure 4.27. 


e oct 


e joct 


Ideal lowpass 
filter 





x(t) f(t) 


Figure 4.26 Implementation of a bandpass filter using amplitude modula- 
tion with a complex exponential carrier. 


Х(јо) 


Y(jo) 






1 
Frequency response of ,--4--^ 
ideal lowpass filter d 





— Wo Wo We w 


W(jw) 


— w0 Wo w 


F(jw) 





Figure 4.27 Spectra of the signals 
(7e; = wg) (+) in the system of Figure 4.26. 
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Specifically, from either the multiplication property or the frequency-shifting property it 
follows that the Fourier transform of y(t) = e/*-' x(t) is 
+x 
Y(jo) = | &(0 — w,)X(w — 0)d0 
so that Y(jw) equals X(jw) shifted to the right by wc and frequencies in X(jw) near 
w = wc have been shifted into the passband of the lowpass filter. Similarly, the Fourier 
transform of f(t) = e /%«'w(t) is 


F(jo) = W(j(@ + wo)), 


so that the Fourier transform of F (jw) is W (jw) shifted to the left by о,. From Figure 4.27, 
we observe that the overall system of Figure 4.26 is equivalent to an ideal bandpass fil- 
ter with center frequency —w, and bandwidth 200, as illustrated in Figure 4.28. As the 
frequency о, of the complex exponential oscillator is varied, the center frequency of the 
bandpass filter varies. 


H(jw) 


о Figure 4.28 Bandpass filter equiva- 
lent of Figure 4.26. 


sen 
АЖ 
In the system of Figure 4.26 with x(t) real, the signals y(t), w(t), and f(t) аге all 
complex. If we retain only the real part of f(t), the resulting spectrum is that shown in 
Figure 4.29, and the equivalent bandpass filter passes bands of frequencies centered 
around ш, and —«., as indicated in Figure 4.30. Under certain conditions, it is also possi- 
ble to use sinusoidal rather than complex exponential modulation to implement the system 
of the latter figure. This is explored further in Problem 4.46. 





A 
2 
А Oy " Figure 4.29 Spectrum of Re{f(t)} 
|200 рен associated with Figure 4.26. 
Н(јо) 
1 
2 
=o | 3 m ? Figure 4.30 Equivalent bandpass 
2g 200 filter for Gte(f(t)) in Figure 4.29. 
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4.6 TABLES OF FOURIER PROPERTIES AND OF BASIC FOURIER TRANSFORM PAIRS 


In the preceding sections and in the problems at the end of the chapter, we have consid- 
ered some of the important properties of the Fourier transform. These are summarized in 
Table 4.1, in which we have also indicated the section of this chapter in which each prop- 
erty has been discussed. 

In Table 4.2, we have assembled a list of many of the basic and important Fourier 
transform pairs. We will encounter many of these repeatedly as we apply the tools of 





TABLE 4.1 PROPERTIES OF THE FOURIER TRANSFORM 
Section Property Aperiodic signal Fourier transform 
x(t) X(jo) 
y(t) Y(jo) 
4.3.1 Linearity ax(t) + by(t) aX( jo) + bY(jo) 
4.3.2 Time Shifting x(t — to) e 1° X( jw) 
4.3.6 Frequency Shifting eJ" x(t) X(j(@ — 9)) 
4.3.3 Conjugation x'(r) X'(— jo) 
4.3.5 Time Reversal x(—1) Х(— jw) 
4.3.5 Time and Frequency x(at) ax (2) 
Scaling d Ы 
44 Convolution x(t) * y(t) X(jw)Y( ja) 
45 Multiplication x(t)y(t) x | X(O)YG(o — 0)46 
4.3.4 Differentiation in Time а 0 jwX(jo) 
4.3.4 Integration | x(t)dt x je) + 7X(0)5(@) 
4.3.6 Differentiation in tx(t) j S (jo) 
E do 
requency 
X(jo) = X'(- јо) 
Re{X(jw)} = Re{X(—jw)} 
4.3.3 Conjugate Symmetry x(t) real Im{X(jw)} = —Im{X(— jw)} 
for Real Signals IX(jo)| = |X(—jw)| 
XX(jo) = —L£X(—jw) 
4.3.3 Symmetry forRealand x(t) real and even X(jw) real and even 
Even Signals 
4.3.3 Symmetry for Realand x(t) real and odd X(jw) purely imaginary and odd 
Odd Signals 
^ = $ t X( ju 
433  Even-Odd Decompo- (0 PER X Diesen e: Gen 
sition for Real Sig- 00 = Odix(O) [x( real] — j9m{X(jo)} 
nals 
43.7 Parseval's Relation for Aperiodic Signals 


Í. lxco at = 


A NN 
= IX jode 
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TABLE 4.2 BASIC FOURIER TRANSFORM PAIRS 


Signal Fourier transform 

Е a, e*t 2T I a,5(w = kw) 
kz-x К=—х 
е?®о! 2775(w — wy) 
COS Wot T[8(w — wo) + (c + wo)] 
Р т 
sin wot 7120 = Wo) = ӧ(о + «0)] 
X) = I 27 lw) 





Periodic square wave 


qy- 1^ BS **. 2sin key. 
x(t) — T sin keoT, 

0, Тт: 6 ^s m 
and k= 


x(t+T) = x(t) 


У, (= Т) T Х.е 21) 


п= —= === 


(w = kwo) 








Fourier series coefficients 
(if periodic) 


а, = 0, otherwise 


а = —а-у = і 


2j 
а, = 0, otherwise 
а = 1, a =0,k#0 


this is the Fourier series representation for 
any choice of T > 0 





оТ! 4 (= | Кя sin kaoT; 
sinc 
т т Кт 


: for all k 





© 1, | < Ti 2sinoT| 
0 >T w 
sin Wt : l, jo|<W 
X = 
тг че) la lo| > W 
5(t) 1 
1 
u(t) — + тд(о) 
jo 
5(t — to) e J"to 


e “u(t), Refa} > 0 А 





a+ jo 
1 
-at 
te " u(t), Reja} > 0 (aT Joy Toy 
Pe tu, 1 





(n-1)! 


Rela} > 0 (a+ jw)" 
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Fourier analysis in our examination of signals and systems. All of the transform pairs, 
except for the last one in the table, have been considered in examples in the preceding 
sections. The last pair is considered in Problem 4.40. In addition, note that several of 
the signals in Table 4.2 are periodic, and for these we have also listed the corresponding 
Fourier series coefficients. 


4.7 SYSTEMS CHARACTERIZED BY LINEAR CONSTANT-COEFFICIENT 


DIFFERENTIAL EQUATIONS 


As we have discussed on several occasions, a particularly important and useful class 
of continuous-time LTI systems is those for which the input and output satisfy a linear 
constant-coefficient differential equation of the form 


N k M k 
ky d*y) _ EJ d* x(t) 
24 atk = к dik . (4.72) 








In this section, we consider the question of determining the frequency response of 
such an LTI system. Throughout the discussion we will always assume that the 
frequency response of the system exists, i.e., that eq. (3.121) converges. 

There are two closely related ways in which to determine the frequency response 
H( jw) for an LTI system described by the differential equation (4.72). The first of these, 
which relies on the fact that complex exponential signals are eigenfunctions of LTI 
systems, was used in Section 3.10 in our analysis of several simple, nonideal filters. 
Specifically, if x(t) = e/^', then the output must be y(t) = H(jw)e/”'. Substituting these 
expressions into the differential equation (4.72) and performing some algebra, we can 
then solve for H(jw). In this section we use an alternative approach to arrive at the same 
answer, making use of the differentiation property, eq. (4.31), of Fourier transforms. 

Consider an LTI system characterized by eq. (4.72). From the convolution property, 


Y(jo) = H(jo)X(jo), 
or equivalently, 


Y(jw) 
Х(]®)' 





H(jw) = (4.73) 


where X(jw), Y( jo), and H(jw) are the Fourier transforms of the input x(t), output y(t), 


and impulse response A(t), respectively. Next, consider applying the Fourier transform to 
both sides of eq. (4.72) to obtain 


S dé M dé 
5а 2] -s| Sn an (4.74) 














M d* y(t) m d* x(t) 
ав) di = 2,07 aa} (4.75) 
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and from the differentiation property, eq. (4.31), 


N M 
D a(joYY(jo) = У b(Go)X(o), 


k=0 k=0 


or equivalently, 


k=0 k=0 


N M 
Y(jw) » 209) = X(jo) > 
Thus, from eq. (4.73), 


Yo) _ Жу. o bk(jw)* 


HG 
eye X(j) | p A aljo) 


(4.76) 


Observe that H(jw) is thus a rational function; that is, it is a ratio of polynomials 
in (jw). The coefficients of the numerator polynomial are the same coefficients as those 
that appear on the right-hand side of eq. (4.72), and the coefficients of the denominator 
polynomial are the same coefficients as appear on the left side of eq. (4.72). Hence, the 
frequency response given in eq. (4.76) for the LTI system characterized by eq. (4.72) can 
be written down directly by inspection. 

The differential equation (4.72) is commonly referred to as an Nth-order differen- 
tial equation, as the equation involves derivatives of the output y(t) up through the Nth 
derivative. Also, the denominator of H(jw) in eq. (4.76) is an Nth-order polynomial in 
(jw). 


Example 4.24 
Consider a stable LTI system characterized by the differential equation 


dy(t) 


"d + ay(t) = x(t), (4.77) 


with a > 0. From eq. (4.76), the frequency response is 


H(jo) = 





ae (4.78) 





_ Comparing this with the result of Example 4.1, we see that eq. (4.78) is the Fourier 
transform of e "'u(t). The impulse response of the system is then recognized as 


h(t) = e "'u(t). 
Example 4.25 


Consider a stable LTI system that is characterized by the differential equation 


d^y(t) , ,dy(t) 
dt? TESI dt 





20 ) 





+ 3y(t) = + 2x(t). 
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From eq. (4.76), the frequency response is 


(jw) + 2 


HGO) = Gaye + Ајо) +3 


(4.79) 


To determine the corresponding impuise response, we require the inverse Fourier trans- 
form of H( jw). This can be found using the technique of partial-fraction expansion em- 
ployed in Example 4.19 and discussed in detail in the appendix. (In particular, see Ex- 
ample A.1, in which the details of the calculations for the partial-fraction expansion of 
eq. (4.79) are worked out.) As a first step, we factor the denominator of the right-hand 
side of eq. (4.79) into a product of lower order terms: 


jo+2 


Ge) = (jw + 1)(јо + 3) 


(4.80) 


Then, using the method of partial-fraction expansion, we find that 








1 1 
Hijo) = 2. + —2 


jo +1 jo+3 


The inverse transform of each term can be recognized from Example 4.24, with the result 
that 


= 1 zm 1 = 
A(t) = 5° u(t) + 2* u(t). 


The procedure used in Example 4.25 to obtain the inverse Fourier transform is gen- 
erally useful in inverting transforms that are ratios of polynomials in jw. In particular, 
we can use eq. (4.76) to determine the frequency response of any LTI system described 
by a linear constant-coefficient differential equation and then can calculate the impulse 
response by performing a partial-fraction expansion that puts the frequency response into 
a form in which the inverse transform of each term can be recognized by inspection. In 
addition, if the Fourier transform X(jw) of the input to such a system is also a ratio of 
polynomials in jw, then so is Y(jo) = H(jw)X(jw). In this case we can use the same 
technique to solve the differential equation— that is, to find the response y(t) to the input 
x(t). This is illustrated in the next example. 


Example 4.26 


A Consider the system of Example 4.25, and suppose that the input is 
[ч 






x(t) = e ‘u(t). 
Then, using eq. (4.80), we have 
—Ü ui ce je +2 1 
rue) = HUeXQw) = [c res | 


D Јо +2 
— (jo + D? (jo + 3) чап 
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As discussed in the appendix, in this case the partial-fraction expansion takes the form 


_ An An Аз\ 
A onm 8 , 
jo *1 (jo*1?  jo-43 








(4.82) 


where Ац, A12, and A) are constants to be determined. In Example A.2 in the appendix, 
the technique of partial-fraction expansion is used to determine these constants. The 
values obtained are 


so that 


ni 
> 


è = 4 эй 
Me) = aS рн ют pen 





Again, the inverse Fourier transform for each term in eq. (4.83) can be obtained by in- 
spection. The first and third terms are of the same type that we have encountered in the 
|... preceding two examples, while the inverse transform of the second term can be obtained 
_ from Table 4.2 or, as was done in Example 4.19, by applying the dual of the differenti- 
ation property, as given in eq. (4.40), to 1/(jw + 1). The inverse transform of eq. (4.83) 

is then found to be 


yt) = ce + ste" = де и(ї). 


From the preceding examples, we see how the techniques of Fourier analysis allow 
us to reduce problems concerning LTI systems characterized by differential equations to 
straightforward algebraic problems. This important fact is illustrated further in a number 
of the problems at the end of the chapter. In addition (see Chapter 6), the algebraic structure 
of the rational transforms encountered in dealing with LTI systems described by differen- 
tial equations greatly facilitate the analysis of their frequency-domain properties and the 
development of insights into both the time-domain and frequency-domain characteristics 
of this important class of systems. 


4.8 SUMMARY 


In this chapter, we have developed the Fourier transform representation for continous-time 
signals and have examined many of the properties that make this transform so useful. In 
particular, by viewing an aperiodic signal as the limit of a periodic signal as the period 
becomes arbitrarily large, we derived the Fourier transform representation for aperiodic 
signals from the Fourier series representation for periodic signals developed in Chapter 3. 
In addition, periodic signals themselves can be represented using Fourier transforms con- 
sisting of trains of impulses located at the harmonic frequencies of the periodic signal and 
with areas proportional to the corresponding Fourier series coefficients. 

The Fourier transform possesses a wide variety of important properties that de- 
scribe how different characteristics of signals are reflected in their transforms, and in 
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this chapter we have derived and examined many of these properties. Among them are 
two that have particular significance for our study of signals and systems. The first is the 
convolution property, which is a direct consequence of the eigenfunction property of com- 
plex exponential signals and which leads to the description of an LTI system in terms 
of its frequency response. This description plays a fundamental role in the frequency- 
domain approach to the analysis of LTI systems, which we will continue to explore in 
subsequent chapters. The second property of the Fourier transform that has extremely 
important implications is the multiplication property, which provides the basis for the 
frequency-domain analysis of sampling and modulation systems. We examine these sys- 
tems further in Chapters 7 and 8. 

We have also seen that the tools of Fourier analysis are particularly well suited to 
the examination of LTI systems characterized by linear constant-coefficient differential 
equations. Specifically, we have found that the frequency response for such a system can 
be determined by inspection and that the technique of partial-fraction expansion can then 
be used to facilitate the calculation of the impulse response of the system. In subsequent 
chapters, we will find that the convenient algebraic structure of the frequency responses 
of these systems allows us to gain considerable insight into their characteristics in both the 
time and frequency domains. 


Chapter 4 Problems | 


The first section of problems belongs to the basic category and the answers are pro- 
vided in the back of the book. The remaining three sections contain problems belonging 
to the basic, advanced, and extension categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


4.1. Use the Fourier transform analysis equation (4.9) to calculate the Fourier transforms 
of: 
(а) e% Dut- 1) — (b) e”! 
Sketch and label the magnitude of each Fourier transform. 


4.2. Use the Fourier transform analysis equation (4.9) to calculate the Fourier transforms 
of: 
(a) б@+1)+б@—1) (b) 4{u(—-2- t) + u(t — 2)} 
Sketch and label the magnitude of each Fourier transform. 


4.3. Determine the Fourier transform of each of the following periodic signals: 
(a) sin(27t + 7) (b) 1 + cos(6rt + 2) 

4.4. Use the Fourier transform synthesis equation (4.8) to determine the inverse Fourier 
transforms of: 
(a) Xi(jo) = 27 (0) + т lw — 4T) + 7 8(@ + 4T) 


4.5. 


4.6. 


4.7. 


4.8. 


4.9. 
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2, 0xw x2 
(b) Х(јо) = 4 -2 —-2=0<0 
0 |w|>2 


Use the Fourier transform synthesis equation (4.8) to determine the inverse Fourier 
transform of X(jw) = |X(jo)|e/ * XU), where 


|X(jw)| = 2{и(@ + 3) — u(w — 3)}, 


XX(jo) = -30 + т. 


Use your answer to determine the values of t for which x(t) = 0. 


Given that x(t) has the Fourier transform X(jw), express the Fourier transforms of 
the signals listed below in terms of X( jw). You may find useful the Fourier transform 
properties listed in Table 4.1. 

(a) xi(f) = x(1— 1) - x(-1 — £) 

(b) x2(t) = x(3t — 6) 

(c) xx = &х@—1) 

For each of the following Fourier transforms, use Fourier transform properties (Table 
4.1) to determine whether the corresponding time-domain signal is (1) real, imaginary, 
or neither and (ii) even, odd, or neither. Do this without evaluating the inverse of any 
of the given transforms. 

(a) Xi(jo) = ulw) — u(w — 2) 

(b) X2(jw) = cos(2w) sin(>) 

(c) X3(jw) = A(w)e/®, where A(w) = (sin2w)/w and B(w) = 2w + 3 

(d) X(jo) = 3. ,G)" 8(® — 7) 


Consider the signal 
zzi 
а cp al i 
x(t) — t+>, RE Wd 
1, {>> 


(a) Use the differentiation and integration properties in Table 4.1 and the Fourier 
transform pair for the rectangular pulse in Table 4.2 to find a closed-form ex- 
pression for Х( jæ). 

(b) What is the Fourier transform of g(t) = x(t) — 17 

Consider the signal 


_ (0, | >1 
mn = H n sra 


(a) With the help of Tables 4.1 and 4.2, determine the closed-form expression for 
X(jw). 

(b) Take the real part of your answer to part (a), and verify that it is the Fourier 
transform of the even part of x(f). 

(c) What is the Fourier transform of the odd part of x(t)? 
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4.11. 


4.12. 
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(a) Use Tables 4.1 and 4.2 to help determine the Fourier transform of the following 
signal: 


(b) Use Parseval’s relation and the result of the previous part to determine the nu- 
merical value of 


Given the relationships 
y(t) = x(t) * h(t) 
and 
g(t) = x(3t) * h(3t), 


and given that x(t) has Fourier transform X(jw) and A(t) has Fourier transform 
H(jo), use Fourier transform properties to show that g(t) has the form 


gu) = Ау(Вг). 


Determine the values of A and B. 
Consider the Fourier transform pair 


2 


pam. o ИИ 
1 +w? 


(a) Use the appropriate Fourier transform properties to find the Fourier transform 
of tel", 

(b) Use the result from part (a), along with the duality property, to determine the 
Fourier transform of 


4t 
(1402) 
Hint: See Example 4.13. 
Let x(t) be a signal whose Fourier transform is 
X(jw) = (0) + 6(w — т) + б(о — 5), 
and let 
h(t) = u(t) — u(t — 2). 


(a) Is x(t) periodic? 
(b) Is x(t) * h(t) periodic? 
(c) Can the convolution of two aperiodic signals be periodic? 


4.14. 


4.15. 


4.16. 


4.17. 


4.18. 


4.19. 


4.20. 
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Consider a signal x(t) with Fourier transform X(jw). Suppose we are given the 
following facts: 
1. x(t) is real and nonnegative. 
2. $- (1 + jw)X(jw)} = Ae ?'u(t), where A is independent of t. 
3. [2 Xo)? dw = 2m. 
Determine a closed-form expression for x(t). 
Let x(t) be a signal with Fourier transform X( j«). Suppose we are given the fol- 
lowing facts: 
1. x(t) is real. 
2. x(t) = Ofort = 0. 
3: + [Z ФеХ(јо)ђеі dw = |t|e-". 
Determine a closed-form expression for x(t). 
Consider the signal 





(b) Use the multiplication property of the Fourier transform to argue that X( j«) is 
periodic. Specify X( jw) over one period. 

Determine whether each of the following statements is true or false. Justify your 

answers. 

(a) An odd and imaginary signal always has an odd and imaginary Fourier trans- 
form. 

(b) The convolution of an odd Fourier transform with an even Fourier transform is 
always odd. 


Find the impulse response of a system with the frequency response 
LS 1 
; sin"(3«)) cos 
Bj) = МОНО a = 


Consider a causal LTI system with frequency response 
dd TIE 
For a particular input x(r) this system is observed to produce the output 
y(t) = e u(t) – e “u(t). 
Determine x(t). 


Find the impulse response of the causal LTI system represented by the RLC circuit 
considered in Problem 3.20. Do this by taking the inverse Fourier transform of the 
circuit’s frequency response. You may use Tables 4.1 and 4.2 to help evaluate the 
inverse Fourier transform. 
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BASIC PROBLEMS 


4.21. Compute the Fourier transform of each of the following signals: 


(а) [e^*' cos woft]u(t), a > 0 (b) e^?! sin 2¢ 
1+cosmt, || = 1 © 
(с) x(t) = Р ‘ - (d) 2-к-0а*д(:- KD. le| < 1 
(©) [te sin4r]u() (p) [ize] 
(р) x(t) as shown in Figure P4.21(a) (h) x(t) as shown in Figure P4.21(b) 
А a i= Bere o € „-—2щ 
Q а0 E otherwise O 2-е 


x (t) 





-6 -5 -4 -9 -2 -1 0 12 8 4 5 6 7 Bt 





(b) 


Figure P4.21 
4.22. Determine the continuous-time signal corresponding to each of the following 
transforms. 
X X (jw) 





Figure P4.22 
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a) Хш) = ар 

(b) X(jw) = cos(4w + 77/3) 

(c) X(j@) as given by the magnitude and phase plots of Figure P4.22(a) 
(d) X(jw) = 2[6(w — 1) — (о + 1)] + 3[ (w — 27) + lw + 27)] 
(e) X( jo) as in Figure P4.22(b) 


4.23. Consider the signal 


sath = £V 02741 

Р 0, elsewhere ` 
Determine the Fourier transform of each of (ће signals shown in Figure Р4.23. You 
should be able to do this by explicitly evaluating only the transform of xo(t) and 
then using properties of the Fourier transform. 








„эф 
(а) (b) 
хз(ї) 
0 
=] 0 1 t 0 1 ї 
(с) (9) Figure Р4.23 


4.24. (a) Determine which, if any, of the real signals depicted in Figure P4.24 have 
Fourier transforms that satisfy each of the following conditions: 
(1) Re{x(jw)} = 0 
(2) $miX(jo)) = 0 | 
(3) There exists a real œ such that e/^^ X( jæ) is real 
(4) |“ X(jo)do = 0 
(5 |, wX(jw)dw = 0 
(6) X(jw) is periodic 
(b) Construct a signal that has properties (1), (4), and (5) and does not have the 
others. 
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x(t) =e”? 


x(t) = ёе!" 


t 
0 Figure P4.24 
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4.25. Let X(jw) denote the Fourier transform of the signal x(t) depicted in Figure P4.25. 


(a) Find <X(jw). 

(b) Find X(j0). 

(c) Find | ^, X(jw) do. 

(d) Evaluate | >, Х(ја) 2% „7% dw. 

(e) Evaluate | ^. |X(jw)|? dw. 

(f) Sketch the inverse Fourier transform of Re{X(jw)}. 


Note: You should perform all these calculations without explicitly evaluating X( jæ). 


x (t) 


-1 0 1 2 3 t Figure P4.25 


4.26. (a) Compute the convolution of each of the following pairs of signals x(t) and A(t) 
by calculating X(jw) and H( jw), using the convolution property, and inverse 


transforming. 

(i) x(t) = teut), h(t) = e *u(t) 
(ii) x(t) = te~*u(t), h(t) = te~*u(t) 
(iii) x(t) = e u(t), A(t) = e'u(—t) 


(b) Suppose that x(t) = e ?u(t —2) and A(t) is as depicted in Figure P4.26. Ver- 
ify the convolution property for this pair of signals by showing that the Fourier 


transform of y(t) = x(t) * h(t) equals H(jw)X(jw). 


h (t) 


1 
= 3 t Figure P4.26 


4.27. Consider the signals 
x(t) = u(t = 1) — Zult — 2) + u(t — 3) 
and 


x(t) = > xt- КТ), 


Д=—® 
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where T > 0. Let а, denote the Fourier series coefficients of X(t), and let X(jw) 
denote the Fourier transform of x(t). 

(a) Determine a closed-form expression for X(jw). 

(b) Determine an expression for the Fourier coefficients a, and verify that a, = 


| y| - 27k 
ку} 

4.28. (a) Let x(t) have the Fourier transform X(jw), and let p(t) be periodic with funda- 
mental frequency wo and Fourier series representation 


+00 
p(t) = >, a, eJ" "ot. 


Determine an expression for the Fourier transform of 
y(t) = х@)р@). (P4.28-1) 


(b) Suppose that X( jw) is as depicted in Figure P4.28(a). Sketch the spectrum of 
y(t) in eq. (P4.28-1) for each of the following choices of p(t): 
(i) p(t) = cos(t/2) 

(ii) p(t) = cost 

(iii) p(t) = cos 2t 

(iv) p(t) = (sin t)(sin 27) 

(v) p(t) = cos2t — cost 

(vi) p(t) = 255 ,8(t — тп) 

(vii) p(t) = 275 ,8(t — 2zn) 

(viii) p(t) = 27,7 ôl — 4mn) 

(ix) p(t) = 2:2 ,0(t 2тп) - 5 Era- ôl- тп) 

(x) p(t) = the periodic square wave shown in Figure P4.28(b). 


X (jo) 


1 





Figure P4.28 
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4.29. A real-valued continuous-time function x(t) has a Fourier transform X(jw) whose 
magnitude and phase are as illustrated in Figure P4.29(a). 

The functions x,(t), x,(t), x-(t), and x g(t) have Fourier transforms whose 
magnitudes are identical to X(jw), but whose phase functions differ, as shown in 
Figures P4.29(b)-(e). The phase functions £X,(jw) and <.X;(jw) are formed by 
adding a linear phase to <X( jw). The function &X.(jw) is formed by reflecting 
XX(jw) about w = 0, and XX;(j«) is obtained by a combination of a reflection 
and an addition of a linear phase. Using the properties of Fourier transforms, deter- 
mine the expressions for Xa(t), x(t), x-(t), and xq(f) in terms of x(t). 


IX fw) 











Figure P4.29 
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+ Xp (jo) 





X X. (jo) 





Figure P4.29 Continued 


4.30. Suppose g(t) = x(t) соз t and the Fourier transform of the g(t) is 


om o4 fel ere 
бе) = Ё otherwise ' 


(a) Determine x(t). 
(b) Specify the Fourier transform X; (jw) of a signal x(t) such that 


\ 
g(t) = x;(t)cos E |. 
3, 
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4.31. (a) Show that the three LTI systems with impulse responses 
h(t) = u(t), 
h(t) = —26(t) + Se u(t), 
and 
h3(t) = 21е 'u(t) 


all have the same response to x(t) = cost. 
(b) Find the impulse response of another LTI system with the same response to 
COS f. 
This problem illustrates the fact that the response to cost cannot be used to 
specify an LTI system uniquely. 
4.32. Consider an LTI system S with impulse response 


. sin(4(t — 1)) 
= UTD 
Determine the output of S for each of the following inputs: 
(a) xi(t) = cos(6t + 5) 

(b) xt) = 2, 9G)" sin(3kr) 

(c) x3(t) — sin(4(¢+1)) 


a(t+1) 
(d) хаб) = (2%)? 
4.33. The input and the output of a stable and causal LTI system are related by the dif- 
ferential equation 


2 
t PS + 8у0) = 2х@) 





(a) Find the impulse response of this system. 
(b) What is the response of this system if x(t) = te~~‘u(t)? 
(c) Repeat part (a) for the stable and causal LTI system described by the equation 


d*x(t) 
dt? 


d*y(t) 
dt? 








+ «528 + y(t) = 2 — 2x(t) 


4.34. A causal and stable LTI system S has the frequency response 


јо +4 


пиша 6-02 + 5 јо’ 
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(a) Determine a differential equation relating the input x(t) and output y(t) of S. 
(b) Determine the impulse response h(t) of 5. 
(c) What is the output of S when the input is 


x(t) = e u(t) — te“ u(t)? 


4.35. In this problem, we provide examples of the effects of nonlinear changes in phase. 
(a) Consider the continuous-time LTI system with frequency response 
a — jo 


НЕТ 





where а > 0. What is the magnitude of H( jw)? What is <H( jw)? What is the 
impulse response of this system? 
(b) Determine the output of the system of part (a) with a = 1 when the input is 


cos(t/ /3) + cos f + cos Jat. 


Roughly sketch both the input and the output. 
4.36. Consider an LTI system whose response to the input 


x(t) = [e +e" Ju(t) 


y(t) = [2е7' — 2e *]u(t). 


(a) Find the frequency response of this system. 
(b) Determine the system’s impulse response. 
(c) Find the differential equation relating the input and the output of this system. 


ADVANCED PROBLEMS 


4.37. Consider the signal x(t) in Figure P4.37. 
(a) Find the Fourier transform X( jw) of x(t). 
(b) Sketch the signal 


(1) = x(t)* D S(t — 4k). 


К=— 


(c) Find another signal g(t) such that g(t) is not the same as x(t) and 


0) = g(0* D S(t — 4k). 


k2-—o 
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(d) Argue that, although G( jw) is different from X( jo), G( jg = X( jg for all 
integers k. You should not explicitly evaluate G( jw) to answer this question. 


x (t) 


A о +i t Figure P4.37 


4.38. Let x(t) be any signal with Fourier transform X(jw). The frequency-shift property 
of the Fourier transform may be stated as 


. F 
e x(t) < X(j(w — wo)). 
(a) Prove the frequency-shift property by applying the frequency shift to the anal- 
ysis equation 


X(jw) = | x(t)e 7°! dt. 


— 00 


(b) Prove the frequency-shift property by utilizing the Fourier transform of e/° in 
conjunction with the multiplication property of the Fourier transform. 


4.39. Suppose that a signal x(t) has Fourier transform X (jw). Now consider another signal 
g(t) whose shape is the same as the shape of X( jw); that is, 


g(t) = XD. 


(a) Show that the Fourier transform G(jw) of g(t) has the same shape as 2лтх(—1); 
that is, show that 


G(jo) = 2zx(—o). 
(b) Using the fact that | 
F{S(t + B)} = et”? 
in conjunction with the result from part (a), show that 
F{e/3"} = 2a 5(w — B). 


4.40. Use properties of the Fourier transform to show by induction that the Fourier trans- 
form of 
п-1 


=! „ш 
x(t) = oe Di* u(t), a > О, 
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4.41. 


4.42. 


4.43. 
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1 
(a+ jo)" 


In this problem, we derive the multiplication property of the continuous-time Fourier 
transform. Let x(t) and y(z) be two continuous-time signals with Fourier transforms 
X(jw) and Y( jw), respectively. Also, let g(t) denote the inverse Fourier transform 
of 1{X( jw) * Y(jw)}. 

(a) Show that 


1 +o И 1 +o : € 
g(t) = x|. хон. [. Y(j(o — 0))e/"' dw | dé. 
(b) Show that 


x [. Y(j(o — 0))e/" dw = e? y(t). 
(c) Combine the results of parts (a) and (b) to conclude that 
g(t) = x(r)y(r). 
Let 
8100) = f[cos(eor)]x(r)) * h(t) апд (0) = {[sin(wot)]x(t)} * A(t), 


where 


x(t) — > a, eJ 0r 


k=-« 


is a real-valued periodic signal and A(t) is the impulse response of a stable LTI 
system. 
(a) Specify a value for wo and any necessary constraints on H( jw) to ensure that 


gi(t) = {а} and gx(t) = Imf{as}. 


(b) Give an example of h(t) such that H(jw) satisfies the constraints you specified 
in part (a). 
Let 


sint 
g(t) = x(t) cos? t * : 
ті 





Assuming that x(t) is real and X(jw) = 0 for |ш| = 1, show that there exists ап 
LTI system S such that 


x(t) — g(0). 


4.44. 


4.45. 


4.46. 
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The output y(t) of a causal LTI system is related to the input x(t) by the equation 


+% 
ay + 10y(t) = | x(T)z(t — т) ат — x(t), 


where z(t) = e ‘u(t) + 3 б(ї). 

(a) Find the frequency response H(jw) = Y(jw)/X(jw) of this system. 

(b) Determine the impulse response of the system. 

In the discussion in Section 4.3.7 of Parseval’s relation for continuous-time signals, 
we saw that 


2 E [1 ака 
L. x)| dt = a Йй IX(jo)[ do. 
This says that the total energy of the signal can be obtained by integrating |X( jw)? 
over all frequencies. Now consider a real-valued signal x(t) processed by the ideal 
bandpass filter H( jw) shown in Figure P4.45. Express the energy in the output sig- 
nal y(t) as an integration over frequency of |X(jw)|*. For A sufficiently small so that 
|X(jw)| is approximately constant over a frequency interval of width A, show that 
the energy in the output y(t) of the bandpass filter is approximately proportional to 
A|XGwo)P. 

On the basis of the foregoing result, A|X(jwo)|? is proportional to the energy 
in the signal in a bandwidth A around the frequency «y. For this reason, |X(jw)|? is 
often referred to as the energy-density spectrum of the signal x(t). 


" |r y 
H (je) 


4а 


90 m Figure P4.45 


In Section 4.5.1, we discussed the use of amplitude modulation with a complex 
exponential carrier to implement a bandpass filter. The specific system was shown 
in Figure 4.26, and if only the real part of f(t) is retained, the equivalent bandpass 
filter is that shown in Figure 4.30. 

In Figure P4.46, we indicate an implementation of a bandpass filter using 
sinusoidal modulation and lowpass filters. Show that the output y(t) of the sys- 
tem is identical to that which would be obtained by retaining only Re{ f (t)} in Fig- 
ure 4.26. 
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COS осї 





=®0 90 9 Figure P4.46 


4.47. An important property of the frequency response H(j«) of a continuous-time LTI 


system with a real, causal impulse response A(t) is that H( jw) is completely spec- 

ified by its real part, Re{H(jw)}. The current problem is concerned with deriving 

and examining some of the implications of this property, which is generally referred 
to as real-part sufficiency. 

(a) Prove the property of real-part sufficiency by examining the signal л, (t), which 
is the even part of A(t). What is the Fourier transform of h,(t)? Indicate how 
h(t) can be recovered from h,(t). 

(b) If the real part of the frequency response of a causal system is 


Re{H(jw)} = cos c, 


what is h(t)? 

(c) Show that A(t) can be recovered from h,(t), the odd part of h(t), for every 
value of t except t = 0. Note that if h(t) does not contain any singularities 
[5(t), ui(t), u(t), etc.] at t = 0, then the frequency response 


+o 


H(jo) = | he і! dt 


will not change if h(t) is set to some arbitrary finite value at the single point 
t = 0. Thus, in this case, show that H(jw) is also completely specified by its 
imaginary part. 
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EXTENSION PROBLEMS 


4.48. Let us consider a system with a real and causal impulse response A(t) that does not 
have any singularities at ? = 0. In Problem 4.47, we saw that either the real or the 
imaginary part of H(jw) completely determines H( jw). In this problem we derive 
an explicit relationship between Hg( jw) and H;( jo), the real and imaginary parts 
of H( jo). 

(a) То begin, note that since A(t) is causal, 


h(t) = һ(ї)и(ї), (P4.48-1) 


except perhaps at t = 0. Now, since h(t) contains no singularities аїт = 0, the 
Fourier transforms of both sides of eq. (P4.48-1) must be identical. Use this 
fact, together with the multiplication property, to show that 


+0 ` 
Se «t | НО) ay, (P4.48-2) 
jm]. w=) 


Use eq. (P4.48—2) to determine an expression for Hr(jw) in terms of H;( jæ) 
and one for H;( jc) in terms of Hr(jw). 
(b) The operation 





yd) s 2 | М) as (P4.48-3) 


We ae 
is called the Hilbert transform. We have just seen that the real and imaginary 
parts of the transform of a real, causal impulse response h(t) can be determined 
from one another using the Hilbert transform. 
Now consider eq. (P4.48—3), and regard y(t) as the output of an LTI system 
with input x(t). Show that the frequency response of this system is 
=% о> 0 


ною) = | 5 EE 


(c) What is the Hilbert transform of the signal x(t) = cos 3t? 
4.49. Let H( jw) be the frequency response of a continuous-time LTI system, and suppose 
that H( jw) is real, even, and positive. Also, assume that 
max(H(je)) = H(0). 


(a) Show that: 
(i) The impulse response, h(t), is real. 
(ii) max(|h(r)]) = A(0). 
Hint: If f (t, w) is a complex function of two variables, then 


+00 
| f(t,@)dw 


< | |f (t, o) do. 
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(b) One important concept in system analysis is the bandwidth of an LTI system. 


There are many different mathematical ways in which to define bandwidth, 
but they are related to the qualitative and intuitive idea that a system with fre- 
quency response G( jw) essentially “stops” signals of the form e/^' for values of 
w where G( jw) vanishes or is small and “passes” those complex exponentials 
in the band of frequency where G( jw) is not small. The width of this band is the 
bandwidth. These ideas will be made much clearer in Chapter 6, but for now we 
will consider a special definition of bandwidth for those systems with frequency 
responses that have the properties specified previously for H( jo). Specifically, 
one definition of the bandwidth B,, of such a system is the width of the rect- 
angle of height H( j0) that has an area equal to the area under H( јо). This is 
illustrated in Figure P4.49(a). Note that since H(j0) = max, H(jo), the fre- 
quencies within the band indicated in the figure are those for which H(jw) is 
largest. The exact choice of the width in the figure is, of course, a bit arbitrary, 
but we have chosen one definition that allows us to compare different systems 
and to make precise a very important relationship between time and frequency. 
What is the bandwidth of the system with frequency response 


1, | < W,, 


Hw) = | 7 lol > Ww 






Area of rectangle = 
area under H(jw) 


(a) Figure P4.49a 


(c) Find an expression for the bandwidth B,, in terms of H( jw). 
(d) Let s(t) denote the step response of the system set out in part (a). An important 


measure of the speed of response of a system is the rise time, which, like the 
bandwidth, has a qualitative definition, leading to many possible mathematical 
definitions, one of which we will use. Intuitively, the rise time of a system is a 
measure of how fast the step response rises from zero to its final value, 


5(о) = lim s(t). 


Thus, the smaller the rise time, the faster is the response of the system. For the 
system under consideration in this problem, we will define the rise time as 


s(%) 


t= 0) 





4.50. 


Chapter 4 The Continuous-Time Fourier Transform 353 


Since 
s'(t) = h(t), 


and also because of the property that h(0) = max, h(t), t, is the time it would 
take to go from zero to s() while maintaining the maximum rate of change of 
s(t). This is illustrated in Figure P4.49(b). 

Find an expression for t, in terms of H( jo). 





Figure P4.49b 


(e) Combine the results of parts (c) and (d) to show that 
Вы, = 2m. — (P4.49-1) 


Thus, we cannot independently specify both the rise time and the bandwidth of 
our system. For example, eq. (P4.49—1) implies that, if we want a fast system (t, 
small), the system must have a large bandwidth. This is a fundamental trade-off 
that is of central importance in many problems of system design. 


In Problems 1.45 and 2.67, we defined and examined several of the properties and 
uses of correlation functions. In the current problem, we examine the properties of 
such functions in the frequency domain. Let x(t) and y(t) be two real signals. Then 
the cross-correlation function of x(t) and y(t) is defined as 


Pxy(t) = MES + т)у(т) ат. 


Similarly, we can define ф,„(7), ф,„(7), and ф, (7). [The last two of these are called 

the autocorrelation functions of the signals x(t) and y(t), respectively.] Let ,,( jw), 

P (jw), (jw), and ®,,(jw) denote the Fourier transforms of },,(t), dyx(t), 

xx(t), and $,,(t), respectively. 

(a) What is the relationship between ®,,( jw) and $,,( jw)? 

(b) Find an expression for ®,,(jw) in terms of X(jw) and Y( jo). 

(c) Show that ®,,( jw) is real and nonnegative for every w. 

(d) Suppose now that x(f) is the input to an LTI system with a real-valued impulse 
response and with frequency response H( jw) and that y(t) is the output. Find 
expressions for ®,,( jw) and Ф, (јо) in terms of P,,(jw) and H( jw). 
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(e) Let x(t) be as is illustrated in Figure P4.50, and let the LTI system impulse 
response Бе h(t) = e "'u(t), a > 0. Compute ®,,( jw), Ф, (јо), and ®,,( jw) 
using the results of parts (a)-(d). 


(f) Suppose that we are given the following Fourier transform of a function ф(ї): 
І w* + 100 
Pe = arp 


Find the impulse responses of two causal, stable LTI systems that have autocor- 
relation functions equal to (t). Which one of these has a causal, stable inverse? 


x(t) 








t Figure P4.50 


4.51. (a) Consider two LTI systems with impulse responses A(t) and g(t), respectively, 
and suppose that these systems are inverses of one another. Suppose also that the 
systems have frequency responses denoted by H( jw) and G( jw), respectively. 
What 15 the relationship between H( jc) and G( jo)? 

(b) Consider the continuous-time LTI system with frequency response 


x. ld, жш =3 
Supe | otherwise 


(i) Is it possible to find an input x(t) to this system such that the output is as 
depicted in Figure P4.50? If so, find x(t). If not, explain why not. 
(ii) Is this system invertible? Explain your answer. 

(c) Consider an auditorium with an echo problem. As discussed in Problem 2.64, 
we can model the acoustics of the auditorium as an LTI system with an im- 
pulse response consisting of an impulse train, with the kth impulse in the train 
corresponding to the kth echo. Suppose that in this particular case the impulse 
response is 


h(t) = Уе (t — КТ), 


k=0 


where the factor e^ "7 represents the attenuation of the kth echo. 

In order to make a high-quality recording from the stage, the effect of the 
echoes must be removed by performing some processing of the sounds sensed 
by the recording equipment. In Problem 2.64, we used convolutional techniques 
to consider one example of the design of such a processor (for a different acous- 
tic model). In the current problem, we will use frequency-domain techniques. 
Specifically, let G( jw) denote the frequency response of the LTI system to be 


4.52. 
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used to process the sensed acoustic signal. Choose G( jw) so that the echoes are 
completely removed and the resulting signal is a faithful reproduction of the 
original stage sounds. 

(d) Find the differential equation for the inverse of the system with impulse re- 
sponse 


h(t) = 28(t) + u(t). 


(e) Consider the LTI system initially at rest and described by the differential equa- 
tion 
dy(t) d? x(t) dx(t) 


d^y(t) 6 + 9y(t) = ——- + 3—— +2х() 
dt d ae dt | 





The inverse of this system is also initially at rest and described by a differen- 
tial equation. Find the differential equation describing the inverse, and find the 
impulse responses A(t) and g(t) of the original system and its inverse. 


Inverse systems frequently find application in problems involving imperfect mea- 
suring devices. For example, consider a device for measuring the temperature of a 
liquid. It is often reasonable to model such a device as an LTI system that, because 
of the response characteristics of the measuring element (e.g., the mercury in a ther- 
mometer), does not respond instantaneously to temperature changes. In particular, 
assume that the response of this device to a unit step in temperature is 


s(t) = (1— eur). (P4.52-1) 


(a) Design a compensatory system that, when provided with the output of the mea- 
suring device, produces an output equal to the instantaneous temperature of the 
liquid. 

(b) One of the problems that often arises in using inverse systems as compensators 
for measuring devices is that gross inaccuracies in the indicated temperature 
may occur if the actual output of the measuring device produces errors due to 
small, erratic phenomena in the device. Since there always are such sources 
of error in real systems, one must take them into account. To illustrate this, 
consider a measuring device whose overall output can be modeled as the sum 
of the response of the measuring device characterized by eq. (P4.52-1) and 
an interfering “noise” signal n(t). Such a model is depicted in Figure P4.52(a), 
where we have also included the inverse system of part (a), which now has as its 
input the overall output of the measuring device. Suppose that n(t) = sin ог. 
What is the contribution of n(t) to the output of the inverse system, and how 
does this output change as w is increased? 

(c) The issue raised in part (b) is an important one in many applications of LTI 
system analysis. Specifically, we are confronted with the fundamental trade- 
off between the speed of response of the system and the ability of the system 
to attenuate high-frequency interference. In part (b) we saw that this trade- 
off implied that, by attempting to speed up the response of a measuring device 
(by means of an inverse system), we produced a system that would also amplify 
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Actual measuring device 


LTI model of Inverse system 
—b»-| measuring device 9 поса 
i |50) = (1-е 3 ut "etn 9 
| 












Perfect measuring 
device 
s(t) = u(t) 






| Compensating I— 
| system 


,Figure P4.52 





corrupting sinusoidal signals. To illustrate this concept further, consider a mea- 
suring device that responds instantaneously to changes in temperature, but that 
also is corrupted by noise. The response of such a system can be modeled, as 
depicted in Figure P4.52(b), as the sum of the response of a perfect measuring 
device and a corrupting signal n(t). Suppose that we wish to design a compen- 
satory system that will slow down the response to actual temperature variations, 
but also will attenuate the noise n(t). Let the impulse response of this system 
be 


h(t) = ae “u(t). 


Choose a so that the overall system of Figure P4.52(b) responds as quickly 
as possible to a step change in temperature, subject to the constraint that the 
amplitude of the portion of the output due to the noise n(r) = sin 6r is no larger 
than 1/4. 


4.53. As mentioned in the text, the techniques of Fourier analysis can be extended to 


signals having two independent variables. As their one-dimensional counterparts do 
in some applications, these techniques play an important role in other applications, 
such as image processing. In this problem, we introduce some of the elementary 
ideas of two-dimensional Fourier analysis. 

Let x(t), t2) be a signal that depends upon two independent variables / and 
tı. The two-dimensional Fourier transform of x(t), t2) is defined as 


+® р фос 
X(jo, ju) = | | x(t, tre 911720) dt dtp. 


—% —ót 


(a) Show that this double integral сап be performed as two successive one- 


dimensional Fourier transforms, first in t; with f? regarded as fixed and then 
in fp. 
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(b) Use the result of part (a) to determine the inverse transform— that is, an expres- 
sion for x(t), t2) in terms of X( jw, jo»). 

(c) Determine the two-dimensional Fourier transforms of the following signals: 
(i) x(t, t2) = e ?^u(r — 1)u(2 — t2) 


(ii) x(t, 2) = | elie, if-l1< = lad-1 sq = 1 


0, otherwise 
(lil) (1,5) = НМ if 0 = п = 100 <t = 1 (or both) 
0, otherwise 


(iv) x(t), t2) as depicted in Figure P4.53. 
(v) е1 +]-|п—| 


5 1 in shad 
and 0 





Figure P4.53 


(d) Determine the signal x(t), t2) whose two-dimensional Fourier transform is 


Хш, jux) = 417. Bln ~ 20), 

(e) Let x(t), t2) and h(t), t2) be two signals with two-dimensional Fourier trans- 
forms X(jw , jw2) and H(jw, jo»), respectively. Determine the transforms 
of the following signals in terms of Х( јо, jw2) and H( jw, jw2): 

(i) x(t) — Ti, t — Т) 
(ii) x(ati, ы») 


(ii) y(t, t) = [22 [ S x(n, DAC — 7,0 — т) ат d m 


THE DISCRETE-TIME FOURIER 
TRANSFORM 





5.0 INTRODUCTION 


In Chapter 4, we introduced the continuous-time Fourier transform and developed the 
many characteristics of that transform which make the methods of Fourier analysis of 
such great value in analyzing and understanding the properties of continuous-time signals 
and systems. In the current chapter, we complete our development of the basic tools of 
Fourier analysis by introducing and examining the discrete-time Fourier transform. 

In our discussion of Fourier series in Chapter 3, we saw that there are many similari- 
ties and strong parallels in analyzing continuous-time and discrete-time signals. However, 
there are also important differences. For example, as we saw in Section 3.6, the Fourier 
series representation of a discrete-time periodic signal is a finite series, as opposed to the 
infinite series representation required for continuous-time periodic signals. As we will see 
in this chapter, there are corresponding differences between continuous-time and discrete- 
time Fourier transforms. 

In the remainder of the chapter, we take advantage of the similarities between 
continuous-time and discrete-time Fourier analysis by following a strategy essentially 
identical to that used in Chapter 4. In particular, we begin by extending the Fourier se- 
ries description of periodic signals in order to develop a Fourier transform representation 
for discrete-time aperiodic signals, and we follow with an analysis of the properties and 
characteristics of the discrete-time Fourier transform that parallels that given in Chap- 
ter 4. By doing this, we not only will enhance our understanding of the basic concepts of 
Fourier analysis that are common to both continuous and discrete time, but also will con- 
trast their differences in order to deepen our understanding of the distinct characteristics 
of each. 
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5.1 REPRESENTATION OF APERIODIC SIGNALS: 
THE DISCRETE-TIME FOURIER TRANSFORM 


5.1.1 Development of the Discrete-Time Fourier Transform 


In Section 4.1 [eq. (4.2) and Figure 4.2], we saw that the Fourier series coefficients for a 
continuous-time periodic square wave can be viewed as samples of an envelope function 
and that, as the period of the square wave increases, these samples become more and 
more finely spaced. This property suggested representing an aperiodic signal x(t) by first 
constructing a periodic signal (1) tliat equaled x(t) over one period. Then, as this period 
approached infinity, X(t) was equal to x(t) over larger and larger intervals of time, and the 
Fourier series representation for ¥(t) converged to the Fourier transform representation for 
x(t). In this section, we apply an analogous procedure to discrete-time signals in order to 
develop the Fourier transform representation for discrete-time aperiodic sequences. 

Consider a general sequence x[n] that is of finite duration. That is, for some integers 
№ and №, x[n] = Ooutside the range —N; = п = №. A signal of this type is illustrated 
in Figure 5.1(a). From this aperiodic signal, we can construct a periodic sequence [п] for 
which x[n] is one period, as illustrated in Figure 5.1(b). As we choose the period N to be 
larger, X[n] is identical to x[n] over a longer interval, and as № — «o, п] = x[n] for any 
finite value of n. 

Let us now examine the Fourier series representation of <[n]. Specifically, from eqs. 
(3.94) and (3.95), we have 


п] = b» ay emn (5.1) 
k=(N) 


x[n] 


(b) 


Figure 5.1 (а) Finite-duration signal x[n]; (b) periodic signal X[n] con- 
structed to be equal to x[n] over one period. 
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1 : 
жї eti z — jk(2m/N)n 
ак = ow E» X[n]e ? (5.2) 


Since x[n] = X[n] over a period that includes the interval № = п = Ny, it is 
convenient to choose the interval of summation in eq. (5.2) to include this interval, so that 
X[n] can be replaced by x[n] in the summation. Therefore, 

1 2 kr. | <= 
= о— —jk(2m/N)n _ ^ —jk(2mIN)n 
ak N 2. x[n]e N 22 x[n]e 3 (5.3) 


where in the second equality in eq. (5.3) we have used the fact that x[n] is zero outside 
the interval -N; = n = №. Defining the function 
X(e/?) = S x[n]e e", (5.4) 


п= —% 


we see that the coefficients a, are proportional to samples of X(e/"), i.e., 
a, = 1 хе!) (5.5) 
k N ‘J . 


where wo = 27/N is ће spacing of the samples in the frequency domain. Combining eqs. 
(5.1) and (5.5) yields 


яп] = У’ AX (ellie toon (5.6) 
k=(N) 
Since оо = 2т/М, or equivalently, 1/N = wo/27, eq. (5.6) can be rewritten as 
1 . ; 
in] = — >, Xe g, (57) 
T KEN) 


As with eq. (4.7), as N increases wo decreases, and as N — © eq. (5.7) passes to 
an integral. To see this more clearly, consider X(e/“ )e/®” as sketched in Figure 5.2. From 


Х(е®)е п 


Figure 5.2 Graphical interpretation 


-т 0 koo” т 27 оед. (5.7). 
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ед. (5.4), X(e/^) is seen to be periodic in w with period 27r, and so is e/””. Thus, the product 
X(e/*)e/"" will also be periodic. As depicted in the figure, each term in the summation 
in eq. (5.7) represents the area of a rectangle of height X(e/*“)e/o" and width wo. As 
wo — 0, the summation becomes an integral. Furthermore, since the summation is carried 
out over N consecutive intervals of width wọ = 277/N, the total interval of integration will 
always have a width of 27r. Therefore, as № — %, п] = x[n], and eq. (5.7) becomes 


x[n] = ssl X(e/?)e*" qq, 
т 


where, since X(e/")eJ^" is periodic with period 27r, the interval of integration can be taken 
as any interval of length 27r. Thus, we have the following pair of equations: 


x[n] = x |, X(e/*)e/"" dw, (5.8) 


+% 


X(e/") = У x[n]e i". (5.9) 


п= —% 





Equations (5.8) and (5.9) are the discrete-time counterparts of eqs. (4.8) and (4.9). 
The function X(e/^) is referred to as the discrete-time Fourier transform and the pair of 
equations as the discrete-time Fourier transform pair. Equation (5.&) is the synthesis equa- 
tion, eq. (5.9) the analysis equation. Our derivation of these equations indicates how an 
aperiodic sequence can be thought of as a linear combination of complex exponentials. 
In particular, the synthesis equation is in effect a representation of x[n] as a linear com- 
bination of complex exponentials infinitesimally close in frequency and with amplitudes 
X(e/”)(dw/27r). For this reason, as in continuous time, the Fourier transform X(e/^) will 
often be referred to as the spectrum of x[n], because it provides us with the information 
on how х[п] is composed of complex exponentials at different frequencies. 

Note also that, as in continuous time, our derivation of the discrete-time Fourier 
transform provides us with an important relationship between discrete-time Fourier series 
and transforms. In particular, the Fourier coefficients a, of a periodic signal Ўл] can be 
expressed in terms of equally spaced samples of the Fourier transform of a finite-duration, 
aperiodic signal x[n] that is equal to x[n] over one period and is zero otherwise. This fact 
is of considerable importance in practical signal processing and Fourier analysis, and we 
look at it further in Problem 5.41. 

As our derivation indicates, the discrete-time Fourier transform shares many sim- 
ilarities with the continuous-time case. The major differences between the two are the 
periodicity of the discrete-time transform X(e/^) and the finite interval of integration in 
the synthesis equation. Both of these stem from a fact that we have noted several times be- 
fore: Discrete-time complex exponentials that differ in frequency by a multiple of 27 are 
identical. In Section 3.6 we saw that, for periodic discrete-time signals, the implications 
of this statement are that the Fourier series coefficients are periodic and that the Fourier 
series representation is a finite sum. For aperiodic signals, the analogous implications are 
that X(e/”) is periodic (with period 27) and that the synthesis equation involves an inte- 
gration only over a frequency interval that produces distinct complex exponentials (i.e., 
any interval of length 27). In Section 1.3.3, we noted one further consequence of the pe- 
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riodicity of e/^" as a function of w: о = 0 and w = 27 yield the same signal. Signals 
at frequencies near these values or any other even multiple of лт are slowly varying and 
therefore are all appropriately thought of as low-frequency signals. Similarly, the high 
frequencies in discrete time are the values of w near odd multiples of zr. Thus, the signal 
x,[n] shown in Figure 5.3(a) with Fourier transform depicted in Figure 5.3(b) varies more 
slowly than the signal x»[n] in Figure 5.3(c) whose transform is shown in Figure 5.3(d). 


X,(e") 
x [n] 
0 n -2m -n 0 т 20 w 
(a) (b) 
Xale") 
хап] 
0 п =т= 0 т On w 
(c) (d) 


Figure 5.3 (а) Discrete-time signal x [n]. (b) Fourier transform of x [n]. 
Note that X; (e/") is concentrated near w = 0, +27, 47, .... (c) Discrete- 
time signal [п]. (d) Fourier transform of x;[n]. Note that Xo(e/") is concen- 
trated near = +m, ^37, .... 


5.1.2 Examples of Discrete-Time Fourier Transforms 


To illustrate the discrete-time Fourier transform, let us consider several examples. 


Example 5.1 


Consider the signal 


x[n] = a"u[n], la| < 1. 
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In this case, 


+ 
Х(еі°) = >, a" u[n]e- /"" 


п=—® 


The magnitude and phase of X(e/") are shown in Figure 5.4(а) for a > 0 and in Fig- 
ure 5.4(b) for a < 0. Note that all of these functions are periodic in w with period 27r. 


-27 





Хап! (a/v — a?) 


(а) 


IXe] 





x Хе”) 
tan”! (lay — a) 












m Хап" (la^ — a?) 


Figure 5.4 Magnitude and phase of the Fourier transform of Example 5.1 
for (a) a > 0 and (b) a < 0. 
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Example 5.2 
Let 
x[n] = al", |а| < 1. 
This signal is sketched for 0 < a < 1 in Figure 5.5(a). Its Fourier transform is obtained 


from eq. (5.9): 


+20 
X(e/") = ` ale jon 


n=-% 


x =I 
Date ien J >. Q^ "e-im. 


п=0 n--x 


x[n] 










(1+а)/(1—а) 





(1—а)/(1+а) 


-2m 0 27 w 
(b) 


Figure 5.5 (a) Signal x[n] = a" of Example 5.2 and (b) its Fourier trans- 
form (0 « a « 1). 
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_ Making the substitution of variables m = —n in the second summation, we obtain 
X(e/*) = У (ae "y" + У (аеі)". 
п=0 т= 1 


_ Both of these summations are infinite geometric series that we can evaluate in closed 
form, yielding 


1 ae)" 
1—ae^* 1 – аејә 
n 1-а? 
~ 1 =2acosw +a?” 





X(e/") 


— [n this case, X(e/^) is real and is illustrated in Figure 5.5(b), again for 0 < a < 1. 
Example 5.3 
~ Consider the rectangular pulse 


1; |п| = М, 





х[п] = F In| >,’ (5.10) 
which is illustrated in Figure 5.6(a) for N, = 2. In this case, 
X(ej*) = У ен", (5.11) 
n--N| 
x[n] 
1 
|-6-6-0-0-0-0-0-9— 
=N; 0 М, n 





Me Figure 5.6 (a) Rectangular pulse signal of Example 5.3 for M, — 2 and 
E (b) its Fourier transform. 
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Using calculations similar to those employed in obtaining eq. (3.104) in Example 3.12, 
we can write 


sino (№ 4 i 


JUPE сысы} 4 
xe") sin(w/2) 


(5.12) 
This Fourier transform is sketched in Figure 5.6(b) for №, = 2. The function in eq. (5.12) 
is the discrete-time counterpart of the sinc function, which appears in the Fourier trans- 
form of the continuous-time rectangular pulse (see Example 4.4). An important differ- 
ence between these two functions is that the function in eq. (5.12) is periodic with period 
27, whereas the sinc function is aperiodic. 


5.1.3 Convergence Issues Associated 
with the Discrete-Time Fourier Transform 


Although the argument we used to derive the discrete-time Fourier transform in Sec- 
tion 5.1.1 was constructed assuming that x[n] was of arbitrary but finite duration, eqs. 
(5.8) and (5.9) remain valid for an extremely broad class of signals with infinite duration 
(such as the signals in Examples 5.1 and 5.2). In this case, however, we again must con- 
sider the question of convergence of the infinite summation in the analysis equation (5.9). 
The conditions on x[n] that guarantee the convergence of this sum are direct counterparts 
of the convergence conditions for the continuous-time Fourier transform.! Specifically, 
eq. (5.9) will converge either if x[n] is absolutely summable, that is, 


У |х[п]|<=, (5.13) 


п=—® 


or if the sequence has finite energy, that is, 


У [фп < =. (5.14) 


п=—® 


In contrast to the situation for the analysis equation (5.9), there are generally no 
convergence issues associated with the synthesis equation (5.8), since the integral in this 
equation is over a finite interval of integration. This is very much the same situation as 
for the discrete-time Fourier series synthesis equation (3.94), which involves a finite sum 
and consequently has no issues of convergence associated with it either. In particular, 
if we approximate an aperiodic signal х[л] by an integral of complex exponentials with 
frequencies taken over the interval |w| < W, i.e., 


Ww 


X[n] = =| „Хе ле" du, (5.15) 


'For discussions of the convergence issues associated with the discrete-time Fourier transform, see A. V. 
Oppenheim and R. W. Schafer, Discrete-Time Signal Processing (Englewood Cliffs, NJ: Prentice-Hall, Inc., 
1989), and L. R. Rabiner and B. Gold, Theory and Application of Digital Signal Processing (Englewood Cliffs, 
NJ: Prentice-Hall, Inc., 1975). 
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then [л] = x[n] for W = т. Thus, much as in Figure 3.18, we would expect not to see 
any behavior like the Gibbs phenomenon in evaluating the discrete-time Fourier transform 
synthesis equation. This is illustrated in the following example. 


Example 5.4 
Let x[n] be the unit impulse; that is, 
x[n] = [п]. 
In this case the analysis equation (5.9) is easily evaluated, yielding 
X(e/") = 1. 
In other words, just as іп continuous time, the unit impulse has a Fourier transform герге- 


sentation consisting of equal contributions at all frequencies. If we then apply eq. (5.15) 
to this example, we obtain 





(5.16) 


This is plotted in Figure 5.7 for several values of W. As can be seen, the frequency of the 
oscillations in the approximation increases as W is increased, which is similar to what we 
observed in the continuous-time case. On the other hand, in contrast to the continuous- 
time case, the amplitude of these oscillations decreases relative to the magnitude of £[0] 
as W is increased, and the oscillations disappear entirely for W = т. 


5.2 THE FOURIER TRANSFORM FOR PERIODIC SIGNALS 


As in the continuous-time case, discrete-time periodic signals can be incorporated within 
the framework of the discrete-time Fourier transform by interpreting the transform of a 
periodic signal as an impulse train in the frequency domain. To derive the form of this 
representation, consider the signal 


x[n] = e/eo", (5.17) 


In continuous time, we saw that the Fourier transform of e/^*' can be interpreted as ап 
impulse at o = wo. Therefore, we might expect the same type of transform to result for 
the discrete-time signal of eq. (5.17). However, the discrete-time Fourier transform must 
be periodic in w with period 27. This then suggests that the Fourier transform of x[n] in 
eq. (5.17) should have impulses at wo, wo + 27, wo + 4r, and so on. In fact, the Fourier 
transform of x[n] is the impulse train 


X(e/^) = X` 2т8(® — wo — 2I), (5.18) 
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з= М 
v/+E = М 
8/4E = М 


_ lue = шх ч = M 10) jeu адом 2 = M () :9/27 = M (8) ‘piee = M (p) 
o4 = M (0) ‘8/48 = M (9) ‘p/e = M (8) :M = || seruenbej uy sjenueuodxe 
xejduo2 Buisn (9;'G) "be ul se рәше}до ajdwes yun әц о} uoyewixosddy Z'S aunBig 


Q) (e) 


0 u 0 
8 
i Fi 
[u]x 8/4 = М [u]x 
(p) (9) 
0 u 0 
© 
Ӯ П 
£ 
2/1“ = М [u]x 
шх 
(9) (е) 
0 u 0 
8 29: 
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[u]x у/% = М [u]x 


Chapter 5 The Discrete-Time Fourier Transform 369 





which is illustrated in Figure 5.8. In order to check the validity of this expression, we must 
evaluate its inverse transform. Substituting eq. (5.18) into the synthesis equation (5.8), we 
find that 


+20 
=| Х(еі°)еј°" dw = xl 2 2m lw — wo — 2т1)еі°" dw. 
T Jir 


27 |= о 


2T 





Figure 5.8 Fourier transform of 
(оо — 47) (ор — 27) wo (eg + 27) (оо + 4n) x[n] = e/«^, 


Note that any interval of length 27 includes exactly one impulse in the summation given 
in eq. (5.18). Therefore, if the interval of integration chosen includes the impulse located 
at wo + 27r, then 


| Х(еј®)еј®" ао = еј(®0+2тғ)п == ei?» 
2m 


2 Jo 


Now consider a periodic sequence x[n] with period N and with the Fourier series 
representation 


x[n] = >> a] М, (5.19) 
k=(N) 


In this case, the Fourier transform is 


Х(е?°) = a 2a, = v] (5.20) 


(= -æ 


so that the Fourier transform of a periodic signal can be directly constructed from its 
Fourier coefficients. 

To verify that eq. (5.20) is in fact correct, note that x[n] in eq. (5.19) is a linear 
combination of signals of the form in eq. (5.17), and thus the Fourier transform of x[n] 
must be a linear combination of transforms of the form of eq. (5.18). In particular, suppose 
that we choose the interval of summation in eq. (5.19) as k = 0, 1...., N — 1, so that 


x[n] = ao + gjen Nin ra a5 e TI N)n 


5.21 
fee + ауте 29а, ( ) 
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Thus, x[n] is a linear combination of signals, as in eq. (5.17), with wo = 0,27/N, 
4m/N,...,(N — 1)27/N. The resulting Fourier transform is illustrated in Figure 5.9. 
In Figure 5.9(a), we have depicted the Fourier transform of the first term on the right-hand 
side of eq. (5.21): The Fourier transform of the constant signal aj = age/°” is a periodic 
impulse train, as in eq. (5.18), with wọ = О and a scaling of 27rao on each of the impulses. 
Moreover, from Chapter 4 we know that the Fourier series coefficients a; are periodic 
with period N, so that 27ao = 27ay = 27ra- y. In Figure 5.9(b) we have illustrated the 
Fourier transform of the second term in eq. (5.21), where we have again used eq. (5.18), 


278g = 27a N 2189 2789 = 2Tay 











278, = 278a N., + 2178, 2718, = 2так +1 
КТ о) Ж ОЕ 
( ) N N (N + 1) T 
(b) 
27 2T 2. 
-N- 1) 27 (- 2т) ( _ 4) 27 | 
(n-on) N N-12 
w 
2пам_ = 2пта_ м ET 2Tàyw. 4 та 27a , 2пам E 


(c) 





271a N.4 2ma 2T8N -1 
(d) 


Figure 5.9 Fourier transform of a discrete-time periodic signal: (a) Fourier transform 
of the first term on the right-hand side of eq. (5.21); (b) Fourier transform of the sec- 
ond term in eq. (5.21); (c) Fourier transform of the last term in eq. (5.21); (d) Fourier 
transform of x[n] in eq (5.21). 
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in this case for a,e/?7/")", and the fact that 27a, = 2тау+у = 27a_y, 1. Similarly, 
Figure 5.9(c) depicts the final term. Finally, Figure 5.9(d) depicts the entire expression 
for X(e/?). Note that because of the periodicity of the ау, X(e/*) can be interpreted as 
a train of impulses occurring at multiples of the fundamental frequency 27/N, with the 
area of the impulse located atw = 24r K/N being 27a,, which is exactly what is stated in 
eq. (5.20). 


Example 5.5 
Consider the periodic signal 


D x ИР : 2 
x[n] = coswon = = + 5% Jt? with wo = > (5.22) 
From eq. (5.18), we can immediately write 


+= 


T L Qa Qa 
x(e*) = > rao u^: -2т)+ ` 73 (0 pese т) (5.23) 


Ге = 


That is, 


X(e/^ = rfo = |+ 73 (0 + F) -TmT = 0 < т, (5.24) 


and X(e/") repeats periodically with a period of 27, as illustrated in Figure 5.10. 


x(e”) 





(27-00) (-2T- wg) (27—00) (217+) 
Figure 5.10  Discrete-time Fourier transform of x[n] = cos «yn. 


Example 5.6 
The discrete-time counterpart of the periodic impulse train of Example 4.8 is the se- 
quence 
+= 
x[n] = У 8[n – kN], (5.25) 
К=—® 
as sketched in Figure 5.11(a). The Fourier series coefficients for this signal сап be cal- 


culated directly from eq. (3.95): 


a. = = > x[n]e" К?М, 
n=(N) 
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Choosing the interval of summation as 0 = n = N — 1, we have 


1 
йк =. (5.26) 


-- Using eqs. (5.26) and (5.20), we can then represent the Fourier transform of the signal 
as 


X(e/*) = 27 > ғо = A) (5.27) 


k=-= 


_ which is illustrated in Figure 5.11(b). 


x(n] 
AE КИНИ NEN TENERE И, 
-N 0 N 2N n 
(a) 
X(el*) 





(b) 


Figure 5.11 (a) Discrete-time periodic impulse train; (b) its Fourier 
transform. 


5.3 PROPERTIES OF THE DISCRETE-TIME FOURIER TRANSFORM 


As with the continuous-time Fourier transform, a variety of properties of the discrete-time 
Fourier transform provide further insight into the transform and, in addition, are often 
useful in reducing the complexity in the evaluation of transforms and inverse transforms. 
In this and the following two sections we consider these properties, and in Table 5.1 we 
present a concise summary of them. By comparing this table with Table 4.1, we can 
get a clear picture of some of the similarities and differences between continuous-time 
and discrete-time Fourier transform properties. When the derivation or interpretation of 
a discrete-time Fourier transform property is essentially identical to its continuous-time 
counterpart, we will simply state the property. Also, because of the close relationship 
between the Fourier series and the Fourier transform, many of the transform properties 
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translate directly into corresponding properties for the discrete-time Fourier series, which 
we summarized in Table 3.2 and briefly discussed in Section 3.7. 

In the following discussions, it will be convenient to adopt notation similar to that 
used in Section 4.3 to indicate the pairing of a signal and its transform. That is, 


X(e”) = S(x[n]), 
xin] = F-'{x(e/”)}, 


F А 
x[n] < X(e!”). 


5.3.1 Periodicity of the Discrete-Time Fourier Transform 


As we discussed in Section 5.1, the discrete-time Fourier transform is always periodic in 


w with period 277; i.e., 
X(eJ»*27)) = X(e/), (5.28) 


This is in contrast to the continuous-time Fourier transform, which in general is not peri- 
odic. 


5.3.2 Linearity of the Fourier Transform 


If 
F , 
xi[n] < Xi(e/") 
and 
F | 
x[n] < Xe”), 
then 





| axy[n] + bx[n] "UM aX, (еј) + ie | (5.29) 


5.3.3 Time Shifting and Frequency Shifting 
If 


F - 
x[n] < X(e), 


x[n — по] UM e Jon X(eJ”) (5.30) 


then 
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and 





; F ; 
Е > X(efe-w), (5.31) 





Equation (5.30) can be obtained by direct substitution of x[n — no] into the analysis equa- 
tion (5.9), while eq. (5.31) is derived by substituting X(e/" ") into the synthesis equa- 
tion (5.8). 

As a consequence of the periodicity and frequency-shifting properties of the discrete- 
time Fourier transform, there exists a special relationship between ideal lowpass and ideal 
highpass discrete-time filters. This is illustrated in the next example. 


Example 5.7 


In Figure 5.12(a) we have depicted the frequency response А1,(е/°) of a lowpass filter 
with cutoff frequency о, while in Figure 5.12(b) we have displayed Hy(e/77))—that 
is, the frequency response Н„(е/°) shifted by one-half period, i.e., by т. Since high 
frequencies in discrete time are concentrated near 7 (and other odd multiples of 7), the 
. filter in Figure 5.12(b) is an ideal highpass filter with cutoff frequency 7 — we. That is, 


Hale”) = Н (ей). (5.32) 


As we can see from eq. (3.122), and as we will discuss again in Section 5.4, the 
frequency response of an LTI system is the Fourier transform of the impulse response 
of the system. Thus, if hp[n] and ль, [л] respectively denote the impulse responses of 


не”) 
1 
=21т —T —Фс We т 2т w 
(a) 
Hue 
1 
= 
—2т = \ т 2л [m 
-(v-« (пос) 
(b) 


Figure 5.12 (a) Frequency response of a lowpass filter; (b) frequency re- 
sponse of a highpass filter obtained by shifting the frequency response in (a) 
by о = т corresponding to one-half period. 
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Figure 5.12, eq. (5.32) and the frequency-shifting property imply that 
the lowpass and highpass filters in 


hyp[n] = е!" hypin] (5.33) 
= (—1)"hyp[n]. (5.34) 


5.3.4 Conjugation and Conjugate Symmetry 
If 


9 . 
x[n] — Х(е!®), 


x'[n] & Хе), (5.35) 


Also, if x[n] is real valued, its transform X(eJ^) is conjugate symmetric. That is, 


X(e/^) = X'(e^)") [x[n]real]. (5.36) 


From this, it follows that Re{X(e/”)} is an even function of о and $m(X (e/”)} is an odd 
function of w. Similarly, the magnitude of X(e/^) is an even function and the phase angle 
is an odd function. Furthermore, 


then 








&v(x[n]) X Gte(X(e/*)) 


and 


Od(x[n]) Š jm(X(e/")) 


where &v and Od denote the even and odd parts, respectively, of x[n]. For example, if x[n] 
is real and even, its Fourier transform is also real and even. Example 5.2 illustrates this 
symmetry for x[n] = al. 


5.3.5 Differencing and Accumulation 


In this subsection, we consider the discrete-time counterpart of integration—that is, 
accumulation—and its inverse, first differencing. Let x[n] be a signal with Fourier trans- 
form X(e/^). Then, from the linearity and time-shifting properties, the Fourier transform 
pair for the first-difference signal x[n] — x[n — 1] is given by 


x[n] — x[n — 1] nm (1 — e 7?)X(e^). | (5.37) 
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Next, consider the signal 


n 


yin] = >` xim]. (5.38) 
m--o 
Since y[n] — y[n — 1] = x[n], we might conclude that the transform of y[n] should be 
related to the transform of x[n] by division by (1 — e J^). This is partly correct, but as 
with the continuous-time integration property given by eq. (4.32), there is more involved. 
The precise relationship is 


1 - a 9 
тск”? + пХ(еіо) 25 5(w — 27k). (5.39) 


= —00 








The impulse train on the right-hand side of eq. (5.39) reflects the dc or average value that 
can result from summation. 


Example 5.8 


Let us derive the Fourier transform X(e/”) of the unit step x[n] = u[n] by making use 
of the accumulation property and the knowledge that 


ain] = Sta] <> G(e/*) = 1. 


From Section 1.4.1 we know that the unit step is the running sum of the unit impulse. 
That is, 


x[n] = У gim]. 


Taking the Fourier transform of both sides and using accumulation yields 


1 


Х(е?°) dae) 


Gle) + wG(e®) У 5(w – 2k) 


К=—® 


+т =. lw — 27rk). 


к= == 


1 — e-i» 


5.3.6 Time Reversal 


Let x[n] be a signal with spectrum X(e/“), and consider the transform Y(e}®) of y[n] = 
х{— п]. From eq. (5.9), 


To To 
Y(e") = У yie" = D x[-n]e і". (5.40) 
п=—® з=—® 
Substituting m = —n into eq. (5.40), we obtain 
+% 
Y(e/*) = У x[m]e C9 = (ее), бл!) 


т=-—-® 
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That is, 





ї—@\ ee Xt P5 (5.42) 


Because of the discrete nature of the time index for discrete-time signals, the relation be- 
tween time and frequency scaling in discrete time takes on a somewhat different form from 
its continuous-time counterpart. Specifically, in Section 4.3.5 we derived the continuous- 


time property 


5.3.7 Time Expansion 


x(a) = pe) (5.43) 
lal Va 
However, if we try to define the signal x[an], we run into difficulties if a is not an integer. 
Therefore, we cannot slow down the signal by choosing a < 1. On the other hand, if we 
let a be an integer other than +1—for example, if we consider x[2n]—we do not merely 
speed up the original signal. That is, since л can take on only integer values, the signal 
x[2n] consists of the even samples of x[n] alone. 
There is a result that does closely parallel eq. (5.43), however. Let k be a positive 
integer, and define the signal 


x[n/k], ifn is a multiple of k 


хот] = | 0, if n is not a multiple of К. (M) 


As illustrated in Figure 5.13 for k = 3, x[n] is obtained from x[n] by placing k — 1 zeros 
between successive values of the original signal. Intuitively, we can think of x(,)[n] as а 
slowed-down version of x[n]. Since x(,)[n] equals 0 unless n is a multiple of k, i.e., unless 
п = rk, we see that the Fourier transform of x[n] is given by 

+оо 


To 
Хобе!) = у, xwinle 7" = У җые lor’. 


n=-2 r=-0 


x[n] 


Figure 5.13 Тһе signal x [n] ob- 
tained from x[n] by inserting two zeros 
between successive values of the 
original signal. 
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Furthermore, since x;,)[rk] = x[r], we find that 


Xle”) = >, x[r]e J^ = Х(еік), 


r=-% 


That is, 





F T 
хуп] < X(e/*?). (5.45) 








Note that as the signal is spread out and slowed down in time by taking k > 1, 
its Fourier transform is compressed. For example, since X(e/^) is periodic with period 
2m, X(e/) is periodic with period 27r/k. This property is illustrated in Figure 5.14 for a 
rectangular pulse. 


x[n] | Х(е°) 





T 27 w 
хп] Xoj(e") = Xe") 
1 
» t ИМОМ t w 
-T ME. т. TT 
2 2 
XN] Xg (e) = X(g*) 
1 
0 n 
М VV VIV VI ш 
= m Ж. т 
E 3 


Хз) (е”) = xe") 


Figure 5.14 Inverse relationship between the time and frequency domains: As k in- 
creases, Xw [n] spreads out while its transform is compressed. 
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Example 5.9 


As an illustration of the usefulness of the time-expansion property in determining 
Fourier transforms, let us consider the sequence x[n] displayed in Figure 5.15(a). This 
sequence can be related to the simpler sequence y[n] depicted in Figure 5.15(b). In 
particular 


x[n] = yon] + 2yoIn — 1], 
where 


_ [205/2], ifniseven 
nailed | 0, if n is odd 


and yoj[n — 1] represents y2)[n] shifted one unit to the right. The signals y(»[n] and 
2y2)[n — 1] are depicted in Figures 5.15(c) and (d), respectively. 

Next, note that y[n] — g[n — 2], where g[n] is a rectangular pulse as considered 
in Example 5.3 (with № = 2) and as depicted in Figure 5.5(a). Consequently, from 
Example 5.3 and the time-shifting property, we see that 


Yei) = е-е sin(Sw/2) 


sin(w/2) ` 
2 x(n] 
1 
в- 0 
01 23 45 67 8 9 n 
(a) 
1 у[п] 
$—e—— 
0 12 3 4 5.906 7 8 39 n 
(b) 
yn] 


o—e— 
01-2 3 45 6& T 8 9 n 


e 2yoj[n =| ] 


Figure 5.15 (а) The signal x[n] in Example 5.9; (b) the signal y[n]; (с) 
the signal y [n] obtained by inserting one zero between successive values of 
yin]; and (d) the signal 2y [n — 1]. 
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Using the time-expansion property, we then obtain 


- уд Sin(Sw ) 
sin(@) ' 





F 
yaln] —> e 


and using the linearity and time-shifting properties, we get 
- j5w sin(5w) 


F 
2y in — 1] < 2e sinw) 


Combining these two results, we have 





X(e/*) = e Moc + e) 
sin(w) 
5.3.8 Differentiation in Frequency 


Again, let 


x[n] Pall X(e/”). 


If we use the definition of X(e/”) in the analysis equation (5.9) and differentiate both sides, 
we obtain 


dX(eJ^ — E 
4 ) = > — jnx[n]e /°". 


n=% 





The right-hand side of this equation is the Fourier transform of — jnx[n]. Therefore, mul- 
tiplying both sides by j, we see that 


з а4Х(е?°) 











nx[n] — j 3s (5.46) 
The usefulness of this property will be illustrated in Example 5.13 in Section 5.4. 
5.3.9 Parseval's Relation 
If x[n] and X(e/") are a Fourier transform pair, then 
es 2 1 jw|2 
= — Je 
> Jin] = is IX(e/")P dw. (5.47) 








п=—©® 





We note that this is similar to eq. (4.43), and the derivation proceeds in a similar man- 
ner. The quantity on the left-hand side of eq. (5.47) is the total energy in the signal x[n], and 
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Parseval’s relation states that this energy can also be determined by integrating the energy 
per unit frequency, |X(e/“)|?/27r, over a full 27 interval of distinct discrete-time frequen- 
cies. In analogy with the continuous-time case, |X(e/“)|? is referred to as the energy-density 
spectrum of the signal х[л]. Note also that eq. (5.47) is the counterpart for aperiodic sig- 
nals of Parseval’s relation, eq. (3.110), for periodic signals, which equates the average 
power in a periodic signal with the sum of the average powers of its individual harmonic 
components. 

Given the Fourier transform of a sequence, it is possible to use Fourier transform 
properties to determine whether a particular sequence has a number of different properties. 
To illustrate this idea, we present the following example. 


Example 5.10 


Consider the sequence x[n] whose Fourier transform X(e/”) is depicted for -m = 
w = т in Figure 5.16. We wish to determine whether or not, in the time domain, x[n] 
is periodic, real, even, and/or of finite energy. 


IX(e^)] 





(b) 


Figure 5.16 Magnitude and phase of the Fourier transform for Exam- 
ple 5.10. 
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Accordingly, we note first that periodicity in the time domain implies that the 
Fourier transform is zero, except possibly for impulses located at various integer multi- 
ples of the fundamental frequency. This is not true for X(e/"). We conclude, then, that 
x[n] is not periodic. 

Next, from the symmetry properties for Fourier transforms, we know that a real- 
valued sequence must have a Fourier transform of even magnitude and a phase function 
that is odd. This is true for the given |Х(е/°)| and <X(e/”). We thus conclude that x[n] 
is real. 

Third, if x[n] is an even function, then, by the symmetry properties for real signals, 
X(e/") must be real and even. However, since X( je) = |X(e/”)|e~/”, X(e/”) is not a 
real-valued function. Consequently, x[n] is not even. 

Finally, to test for the finite-energy property, we may use Parseval's relation, 


c 2 1 " 
NN je M2 
i 2. |x[n]| = L X(e"") do. 


It is clear from Figure 5.16 that integrating |X(e/")P from — to 7 will yield a finite 
quantity. We conclude that x[n] has finite energy. 


In the next few sections, we consider several additional properties. The first two of these 
are the convolution and multiplication properties, similar to those discussed in Sections 
4.4 and 4.5. The third is the property of duality, which is examined in Section 5.7, where 
we consider not only duality in the discrete-time domain, but also the duality that exists 
between the continuous-time and discrete-time domains. 


5.4 THE CONVOLUTION PROPERTY 


In Section 4.4, we discussed the importance of the continuous-time Fourier transform with 
regard to its effect on the operation of convolution and its use in dealing with continuous- 
time LTI systems. An identical relation applies in discrete time, and this is one of the 
principal reasons that the discrete-time Fourier transform is of such great value in repre- 
senting and analyzing discrete-time LTI systems. Specifically, if x[n], h[n], and y[n] are 
the input, impulse response, and output, respectively, of an LTI system, so that 


y[n] = x[n] * h[n], 
then 


Y(e/^) = X(e/"*)H(e/^), (5.48) 





where X(e/), H(e/”), and Y(e/") are the Fourier transforms of x[n], h[n], and y[n], re- 
spectively. Furthermore, comparing eqs. (3.122) and (5.9), we see that the frequency re- 
sponse of a discrete-time LTI system, as first defined in Section 3.8. is the Fourier transform 
of the impulse response of the system. 

The derivation of eq. (5.48) exactly parallels that carried out in Section 4.4. In par- 
ticular, as in continuous time, the Fourier synthesis equation (5.8) for x[n] can be inter- 
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preted as a decomposition of x[n] into a linear combination of complex exponentials with 
infinitesimal amplitudes proportional to Х(е/°). Each of these exponentials is an eigen- 
function of the system. In Chapter 3, we used this fact to show that the Fourier series 
coefficients of the response of an LTI system to a periodic input are simply the Fourier 
coefficients of the input multiplied by the system's frequency response evaluated at the 
corresponding harmonic frequencies. The convolution property (5.48) represents the ex- 
tension of this result to aperiodic inputs and outputs by using the Fourier transform rather 
than the Fourier series. 

As in continuous time, eq. (5.48) maps the convolution of two signals to the simple 
algebraic operation of multiplying their Fourier transforms, a fact that both facilitates the 
analysis of signals and systems and adds significantly to our understanding of the way in 
which an LTI system responds to the input signals that are applied to it. In particular, from 
eq. (5.48), we see that the frequency response H(e/^) captures the change in complex 
amplitude of the Fourier transform of the input at each frequency ш. Thus, in frequency- 
selective filtering, for example, we want H(e/”) = 1 over the range of frequencies cor- 
responding to the desired passband and H(e/^) = 0 over the band of frequencies to be 
eliminated or significantly attenuated. 


5.4.1 Examples 
To illustrate the convolution property, along with a number of other properties, we consider 
several examples in this section. 
Example 5.11 
Consider an LTI system with impulse response 
hin] = ó[n — no]. 
The frequency response is 
T 
Н(еі°) = jo 8[n — поје)" = еі", 


Thus, for any input x[n] with Fourier transform X(e/"), the Fourier transform of the 
output is 


Y(e/*) = eX (el), (5.49) 


We note that, for this example, y[n] = x[n — no] and eq. (5.49) is consistent with the 
time-shifting property. Note also that the frequency response H(e/") = e~/”"0 of a pure 
time shift has unity magnitude at all frequencies and a phase characteristic —«n that is 
linear with frequency. 


Example 5.12 


Consider the discrete-time ideal lowpass filter introduced in Section 3.9.2. This sys- 
tem has the frequency response H(e/^) illustrated in Figure 5.17(a). Since the impulse 
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response and frequency response of an LTI system are a Fourier transform pair, we can 
determine the impulse response of the ideal lowpass filter from the frequency response 
using the Fourier transform synthesis equation (5.8). In particular, using —7 = о = т 
as the interval of integration in that equation, we see from Figure 5.17(a) that 


| 


2a 


h[n] =| H(e/")ei""qqu = x] i el?" dw 
TM (5.50) 


which is shown in Figure 5.17(b). 


Н(е/“) 
| epp 
—2T -T -o 0 ту T 2T w 
(a) 
h[n] 
0.499 Oleg 
0 n 


(b) 


Figure 5.17 (a) Frequency response of a discrete-time ideal lowpass filter; 
(b) impulse response of the ideal lowpass filter. 


In Figure 5.17, we come across many of the same issues that surfaced with the 
continuous-time ideal lowpass filter in Example 4.18. First, since A[n] is not zero for 
n < 0, the ideal lowpass filter is not causal. Second, even if causality is not an important is- 
sue, there are other reasons, including ease of implementation and preferable time domain 
characteristics, that nonideal filters are generally used to perform frequency-selective fil- 
tering. In particular, the impulse response of the ideal lowpass filter in Figure 5.17(b) is 
oscillatory, a characteristic that is undesirable in some applications. In such cases, a trade- 
off between frequency-domain objectives such as frequency selectivity and time-domain 
properties such as nonoscillatory behavior must be made. In Chapter 6, we will discuss 
these and related ideas in more detail. 

As the following example illustrates, the convolution property can also be of value 
in facilitating the calculation of convolution sums. 
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Example 5.13 
Consider an LTI system with impulse response 
Ап] = a" u[n], 
with |a| < 1, and suppose that the input to this system is 
x[n] = В"и[п], 
with |B| < 1. Evaluating the Fourier transforms of A[n] and x[n], we have 


1 


1 – aeie 
and 
1 
joy = 
X(e/") pri (5.52) 
so that 
Ү(е/°) = H(e!”)X(e!”) = : (5.53) 


(1 — ae-jey1— Bes) 


As with Example 4.19 , determining the inverse transform of Y (e/") is most easily 
done by expanding У(е/°) by the method of partial fractions. Specifically, Y(e/^) is a 
ratio of polynomials in powers of e^/^, and we would like to express this as a sum of 
simpler terms of this type so that we can find the inverse transform of each term by 
inspection (together, perhaps, with the use of the frequency differentiation property of 
Section 5.3.8). The general algebraic procedure for rational transforms is described in 
the appendix. For this example, if a + B, the partial fraction expansion of Y(e/^) is of 
the form 


A B 


P9» = - 
He lee  1-—Be-Je 


(5.54) 





Equating the right-hand sides of eqs (5.53) and (5.54), we find that 


ju, нб 


а – В «=н 
Therefore, from Example 5.1 and the linearity property, we can obtain the inverse trans- 
form of eq. (5.54) by inspection: 








yin] = атии] - Ё putn) 
a B a-h (5.55) 
- nl — anti 
z- [a^^ u[n] — B”* u[n]l. 
For a = p, the partial-fraction expansion in eq. (5.54) is not valid. However, in this 
case, 


1 ч 
Ү(е!°) = (tes) , 
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which can be expressed as 





jw _ j jw d 1 
е) = іе) à rac) (5.56) 


As in Example 4.19, we can use the frequency differentiation property, eq. (5.46), 
together with the Fourier transform pair 


1 


F 
a"u[n] < ————, 
In] | — «e-Je 


to conclude that 


^ri) 5 jp | — 
T NDS Jde M - ae | 


To account for the factor e/^, we use the time-shifting property to obtain 


(n+ Da" *' u[n + 1] Ta je 1 ) 





do \1 — aeie 
and finally, accounting for the factor 1/a, in eq. (5.56), we obtain 
y[n] = (n + Da" u[n + 1]. (5.57) 


It is worth noting that, although the right-hand side is multiplied by a step that begins 
atn = —1, the sequence (n + 1)a"u[n + 1] is still zero prior to n = 0, since the factor 
п + 1 is zero atn = —1. Thus, we can alternatively express y[n] as 


yin] = (n + Па"и[п]. (5.58) 


As illustrated in the next example, the convolution property, along with other Fourier 
transform properties, is often useful in analyzing system interconnections. 
Example 5.14 


Consider the system shown in Figure 5.18(a) with input x[n] and output y[n]. The LTI 
systems with frequency response Hj, (e/") are ideal lowpass filters with cutoff frequency 
7/4 and unity gain in the passband. 

Let us first consider the top path in Figure 5.18(a). The Fourier transform of the 
signal w;[n] can be obtained by noting that (—1)" = e/"" so that w;[n] = e/""x[n]. 
Using the frequency-shifting property, we then obtain 


Wilet?) = Х(е^®-т)у, 
The convolution property yields 
Wale?) = Hile X (ee), 
Since из[п] = e/7"w»[n], we can again apply the frequency-shifting property to obtain 


Wa(e/") = W3(e-7) 
x Hi, (e x(a" 2e, 
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x[n] yin] 





T 
4 


(b) 


Figure 5.18 (a) System interconnection for Example 5.14; (b) the overall 
frequency response for this system. 


Since discrete-time Fourier transforms are always periodic with period 27, 
Ws(e/") = Н (е9) (еі). 

Applying the convolution property to the lower path, we get 

Walet?) = Hi (e/")X(e^?). 
From the linearity property of the Fourier transform, we obtain 

Y(e/") = Ws(e/") + Wale”) 

= [Hip(e/ 7?) + Hip(e)]X(e!”). 

Consequently, the overall system in Figure 5.18(a) has the frequency response 
H(e/") = [Hi (e^?) + H;,(e/")] 


which is shown in Figure 5.18(b). 

As we saw in Example 5.7, Hip (e!m) is the frequency response of an ideal 
highpass filter. Thus, the overall system passes both low and high frequencies and stops 
frequencies between these two passbands. That is, the filter has what is often referred to 
as an ideal bandstop characteristic, where the stopband is the region 77/4 < |w| < 32/4. 


It is important to note that, as in continuous time, not every discrete-time LTI system 
has a frequency response. For example, the LTI system with impulse response h[n] = 
2"u[n] does not have a finite response to sinusoidal inputs, which is reflected in the fact 
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that the Fourier transform analysis equation for h[n] diverges. However, if an LTI system 
is stable, then, from Section 2.3.7, its impulse response is absolutely summable; that is, 


У |м] < =. (5.59) 


n=-« 


Therefore, the frequency response always converges for stable systems. In using Fourier 
methods, we will be restricting ourselves to systems with impulse responses that have well- 
defined Fourier transforms. In Chapter 10, we will introduce an extension of the Fourier 
transform referred to as the z-transform that will allow us to use transform techniques for 
LTI systems for which the frequency response does not converge. 


5.5 THE MULTIPLICATION PROPERTY 


In Section 4.5, we introduced the multiplication property for continuous-time signals and 
indicated some of its applications through several examples. An analogous property exists 
for discrete-time signals and plays a similar role in applications. In this section, we derive 
this result directly and give an example of its use. In Chapters 7 and 8, we will use the 
multiplication property in the context of our discussions of sampling and communications. 

Consider y[n] equal to the product of xı[n] and x2[n], with Y(e/”), X;(e/”), and 
X>(e/”) denoting the corresponding Fourier transforms. Then 


+c +00 
Y(e/") = У y[nje ^" = У xi[n]xo[n]e ^", 
ог since 
xi[n] = „ы. | Х\(е?%)е?%"аб, (5.60) 
27 20 
it follows that 
lo <= 1 104,0 ба 
Ү(еі°) = > ат, | хе! еі rae} aion (5.61) 


Interchanging the order of summation and integration, we obtain 


+= 


Y(e") = xl хет Š x;[n]e 9—0)" 


п=—©® 


dé. (5.62) 





The bracketed summation is X>(e/“~®), and consequently, eq. (5.62) becomes 


е) = 5 | X (e^) (eJ-9)g. (5.63) 
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Equation (5.63) corresponds to a periodic convolution of X; (e°) and X2(e/”), and the 
integral in this equation can be evaluated over any interval of length 27r. The usual form 
of convolution (in which the integral ranges from —° to +) is often referred to as ape- 
riodic convolution to distinguish it from periodic convolution. The mechanics of periodic 
convolution are most easily illustrated through an example. 


Example 5.15 


: Consider the problem of finding the Fourier transform X(e/^) of a signal x[n] which is 
the product of two other signals; that is, 





x[n] = xi[n]x2[n], 





~ where 
sin(3arn/4) 
idm a 
TIS sin(mn/2) 
тп 


_ From the multiplication property given in eq. (5.63), we know that X(e/”) is the periodic 
convolution of Xi(e/”) and X;(e/^), where the integral in eq. (5.63) can be taken over 
= any interval of length 27r. Choosing the interval – т < 0 < т, we obtain 





X(e") = x | ECO (5.64) 


Equation (5.64) resembles aperiodic convolution, except for the fact that the inte- 
| gration is limited to the interval -m < 0 = m. However, we can convert the equation 
— into an ordinary convolution by defining 


Xi(e”) = peers for -т < о = т 
0 otherwise 





_ Then, replacing X,(e/9) in eq. (5.64) by ,(e/^), and using the fact that (е) is zero 
— for|6 |> т, we see that 





X(e/") 


x; |. еее 0а 





= э |. #\(е?%®)уХ›(е/!®—®))дө. 
2o =» 





| Thus, X(e/*) is 1/27 times the aperiodic convolution of the rectangular pulse X,(e/") 
. and the periodic square wave X2(e/”), both of which are shown in Figure 5.19. The result 
— of this convolution is the Fourier transform X(e/^) shown in Figure 5.20. 
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X, (е) 
o г __. 
—2т —T = F T T 24r w 
X» (е) 
1 — 
= T 
—2т = E = 24r [m 


Figure 5.19 X (е) representing one period of X; (e/"), and Х(е/°). The 
linear convolution of X, (е^) and Ж (е/°) corresponds to the periodic convolu- 
tion of X (e) and Xo(e/^). 


Х(е!") 


ю|— 





al. ——— РЕШР —— — 
=т Ow s ge zT т m т о 
4 2 4 4 2 4 


Figure 5.20 Result of the periodic convolution in Example 5.15. 


5.6 TABLES OF FOURIER TRANSFORM PROPERTIES 
AND BASIC FOURIER TRANSFORM PAIRS 


In Table 5.1, we summarize a number of important properties of the discrete-time Fourier 
transform and indicate the section of the text in which each is discussed. In Table 5.2, we 
summarize some of the basic and most important discrete-time Fourier transform pairs. 
Many of these have been derived in examples in the chapter. 


5.7 DUALITY 


In considering the continuous-time Fourier transform, we observed a symmetry or duality 
between the analysis equation (4.9) and the synthesis equation (4.8). No corresponding 
duality exists between the analysis equation (5.9) and the synthesis equation (5.8) for the 
discrete-time Fourier transform. However, there is a duality in the discrete-time Fourier 
series equations (3.94) and (3.95), which we develop in Section 5.7.1. In addition, there is 
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TABLE 5.1 

Section Property 

5.3.2 Linearity 

5.3.3 Time Shifting 

5.3.3 Frequency Shifting 

5.3.4 Conjugation 

5.3.6 Time Reversal 

5:31 Time Expansion 

54 Convolution 

5.5 Multiplication 

535 Differencing in Time 

RAD Accumulation 

5.3.8 Differentiation in Frequency 

5.3.4 Conjugate Symmetry for 
Real Signals 

5.3.4 Symmetry for Real, Even 
Signals 

5.3.4 Symmetry for Real, Odd 
Signals 

5.3.4 Even-odd Decomposition 
of Real Signals 

5.3.9 


PROPERTIES OF THE DISCRETE-TIME FOURIER TRANSFORM 


Aperiodic Signal 
x[n] 
yin] 
ax[n] + by[n] 
x[n — no] 
e" xin] 
x'[n] 
x[-n] 
ta = x[n/k], ifn = multiple of k 
адай ui if n multiple of k 
x[n] * y[n] 
x[n]y[n] 
x[n] = x[n — 1] 


п 


> auk 


k--x 


nx[n] 


x[n] real 


x[n] real and even 
x[n] real and odd 


x[n] = &v(x[n]) [x[n] real] 
хп] = Od(x[n]) [x[n] real] 


Parseval's Relation for Aperiodic Signals 


> |х{л] 


n--« 


= A je 2 
- 3 f xe Рао 
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Fourier Transform 
ae periodic with 
Ү(е/*)| period 27 
aX(e/") + bY(e/") 

e fom X (ge) 

X(e 0) 

Хе!) 

X(e ?") 

X(e/^") 

X(e/")Y(e") 


x | X(e/*)Y(e/"-?)49 
2m л 


(1— e )X(e!”) 
1 ju 


+тХ(е*) > 5(w — 27k) 
a 


.dX(e!”) 

^de 

X(e/") = Х°(е-/°) 
(te(X(e/")) = Re{X(e-/”)} 
Im{X(e/”)} = —Im{X(e-/”)} 
[X(e™)| = |X(e-/*)| 

XX(e/") = —«<Х(е 7") 


X(e/") real and even 


X(e/") purely imaginary and 
odd 

Re{x(e)} 

jIm{X(e!”)} 


a duality relationship between the discrete-time Fourier transform and the continuous-time 
Fourier series. This relation is discussed in Section 5.7.2. 


5.7.1 Duality in the Discrete-Time Fourier Series 


Since the Fourier series coefficients a, of a periodic signal x[n] are themselves a periodic 
sequence, we can expand the sequence a, in a Fourier series. The duality property for 
discrete-time Fourier series implies that the Fourier series coefficients for the periodic se- 
quence a, are the values of (1/N)x[—n] (i.e., are proportional to the values of the original 


392 


Signals and Systems, Second Edition 





Signal 


2mi 
X a, e) TN n 


k=(N) 


elo" 


COS won 


sin wgn 


x[n] = 


Periodic square wave 
1, |n| = № 


x[n] = 
0, Ni«|n = №2 


апа 
xin + N] = x[n] 


X [л - kN] 
k-2-- 
a"u[n] |а|<1 

ДЬ In] a М, 
x[n] 

0. |n Ni 
waite = > sinc (=) 
(< И<т 
[л] 

u[n] 

é[n — no] 

(п + Da"u[n], la| «1 
(n*r- 1)! 

“aia p 4 un) la| < 1 





= Soa 


Fourier Series Coefficients (if periodic) 








a, 
ka-a 
(à =" 
x 1, k=mm+N,m+2N,... 
2m %` Slo — wo — 271) üp = m m zm 
= 0, otherwise 
(b) 32 irrational 2 The signal is aperiodic 
(а) @ = um 
+x 1 = + 
п S {8(@ — wo — 21l) + (o + wy — 271) p op Tete 
pmo 0, otherwise 
(b) irrational 2 The signal is aperiodic 
27r 
(a @ = E 
э k-2rrtNrt2N,.. 
ар 7 
" S Bo- wo — 271) — 5(w + wo — 2т1)} a m = Ё==—ю=®®М —rt2N.... 
= 0, otherwise 
(b) $2 irrational > The signal is aperiodic 
1, = 0, +N, +2N,... 
а = 








sin[o(N, + 4)] 
sin(w/2) 


1, 0<|o|/< Ww 
0 W«le| = т 


X(w) = 


X(w) periodic with period 27 


1 
+ 
I-e 


= пӧ(о — 27k) , 





a — 
(1 - ae-je)r 


ak 


ак 


а 


0, otherwise 


зїп[(2т/М)(М\ + 3)] 


Мат ^ k #0, XN, €2N,... 
2N; +1 Er 
ax x k = 0, EN, €-2N, ... 
1 

for all k 


N 
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signal, reversed in time). To see this in more detail, consider two periodic sequences with 
period N, related through the summation 


fim] = = S. ает", (5.65) 
N r=(N) 


If we let m = Капа г = n, eq. (5.65) becomes 


ЛЮ = уу > телот", 


n=(N) 


Comparing this with eq. (3.95), we see that the sequence f[k] corresponds to the Fourier 
series coefficients of the signal g[n]. That is, if we adopt the notation 


FS 

x[n] — a, 
introduced in Chapter 3 for a periodic discrete-time signal and its set of Fourier coeffi- 
cients, the two periodic sequences related through eq. (5.65) satisfy 

s 
gin] — fik. (5.66) 
Alternatively, if we let m = n andr = —k, eq. (5.65) becomes 
fin] = eS 1-е, 

=(N) 
Comparing this with eq. (3.94), we find that (1/N)g[—k] corresponds to the sequence of 
Fourier series coefficients of f [n]. That is, 


та det 5.67 
fin < al I (5.67) 


As in continuous time, this duality implies that every property of the discrete-time 
Fourier series has a dual. For example, referring to Table 3.2, we see that the pair of prop- 
erties 


55 
x[n — по] < ае "т (5.68) 
апа 
$5 
еј 1а xin) < a, (5.69) 


are dual. Similarly, from the same table, we can extract another pair of dual properties: 


У atrlyin — г] > Ма, (5.70) 
r=(N) 
and 
95 
х[п]у[л] — >? aibi. (5.71) 


1=(N) 
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In addition to its consequences for the properties of discrete-time Fourier series, du- 
ality can often be useful in reducing the complexity of the calculations involved in deter- 
mining Fourier series representations. This is illustrated in the following example. 


Example 5.16 
Consider the following periodic signal with a period of N = 9: 


1 sin(57n/9) 


-= J i 
9 sin(zn/9) n # multiple of 9 


(5.72) 


x[n] — 5 
9° n = multiple of 9 


In Chapter 3, we found that a rectangular square wave has Fourier coefficients in a form 
much as in eq. (5.72). Duality, then, suggests that the coefficients for x[n] must be in the 
form of a rectangular square wave. To see this more precisely, let g[n] be a rectangular 
square wave with period N — 9 such that 


H= 1, |а =2 
& 0, 2<|n|l <4. 


The Fourier series coefficients Р, for g[n] can be determined from Example 3.12 as 


1 sin(S7rk/9) 
9 sin(ak/9) ' 
5 


9° k = multiple of 9 


k # multiple of 9 


The Fourier series analysis equation (3.95) for g[n] can now be written as 
1 2 = j2mnk/9 
adi - E UM pum 
Interchanging the names of the variables k and n and noting that x[n] = b,, we find that 
і <> 
x[n] = = pA (De 129709: 
Э 1 


Letting k' = —k in the sum on the right side, we obtain 


1 2 
x[n] -— 5 07 et i2ank 9 
k'=-2 


Finally, moving the factor 1/9 inside the summation, we see that the right side of this 
equation has the form of the synthesis equation (3.94) for x[n]. We thus conclude that 
the Fourier coefficients of x[n] are given by 


a [I9 I x2 
* lo 2<|k <4, 


and, of course, are periodic with period N — 9. 
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5.7.2 Duality between the Discrete-Time Fourier Transform 
and the Continuous-Time Fourier Series 


In addition to the duality for the discrete Fourier series, there is a duality between the 
discrete-time Fourier transform and the continuous-time Fourier series. Specifically, let us 
compare the continuous-time Fourier series equations (3.38) and (3.39) with the discrete- 
time Fourier transform equations (5.8) and (5.9). We repeat these equations here for con- 
venience: 


[eq. (5.8)] x[n] = E | Х(е?°уе?®"дв, (5.73) 
27 2т 
+% 
[eq. (5.9)] He > x[nJe )*", (5.74) 
^x 
[eq. (3.38)] x)= У ago (5.75) 
К=— 
[eq. (3.39)] ay = FÍ х(де ка. (5.76) 
T 


Note that eqs. (5.73) and (5.76) are very similar, as are eqs. (5.74) and (5.75), and 
in fact, we can interpret eqs. (5.73) and (5.74) as a Fourier series representation of the 
periodic frequency response X(e/”). In particular, since X(e/”) is a periodic function of w 
with period 27, it has a Fourier series representation as a weighted sum of harmonically 
related periodic exponential functions of w, all of which have the common period of 27. 
That is, X(e/“) can be represented in a Fourier series as a weighted sum of the signals 
ejen, n = 0, +1, +2,.... From eq. (5.74), we see that the nth Fourier coefficient in this 
expansion—i.e., the coefficient multiplying e/^"—is x[— п]. Furthermore, since the period 
of X(eJ^) is 277, eq. (5.73) can be interpreted as the Fourier series analysis equation for the 
Fourier series coefficient x[n]—i.e., for the coefficient multiplying e^ /°" in the expression 
for X(e/) in eq. (5.74). The use of this duality relationship is best illustrated with an 
example. 


Example 5.17 


|... The duality between the discrete-time Fourier transform synthesis equation and the 
|. continuous-time Fourier series analysis equation may be exploited to determine the 
discrete-time Fourier transform of the sequence 


sin(7n/2) 
тп ` 


x[n] = 


_ To use duality, we first must identify a continuous-time signal g(t) with period T = 2т 
and Fourier coefficients a, = x[k]. From Example 3.5, we know that if g(t) is a periodic 
|. square wave with period 27r (or, equivalently, with fundamental frequency wọ = 1) and 
.— with 
1, sT 


«o =} Ti «|| = т’ 


|... then the Fourier series coefficients of g(t) аге 
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sin(kT,) 
ау = 
Кт 





Consequently, if we take Т = 7/2, we will have a, = x[K]. In this case the analysis 
equation for g(t) is 


sin(rk/2) 1 [7 " ] [*? | 
Ба аон. 19 -jkt „= RS -jkt 
ai E | a(the /“dt is [ae dt. 


=F 


Renaming К as n and t as w, we have 


sin (mn/2) Dg. 
— = | (De dw. (5.77) 
тп 27 )-х2 


=T 
Replacing n by —п on both sides of eq. (5.77) and noting that the sinc function is even, 
we obtain 


(De/"9 qq. 


sin(mn/2) 1 Í id 


тп 27 )_ „ә 


The right-hand side of this equation has the form of the Fourier transform synthesis 
equation for x[n], where 


1 [о = 7/2 
X(e") = 
eo Г a2 < jo) = т 
In Table 5.3, we present a compact summary of the Fourier series and Fourier trans- 
form expressions for both continuous-time and discrete-time signals, and we also indicate 
the duality relationships that apply in each case. 


TABLE 5.3 SUMMARY OF FOURIER SERIES AND TRANSFORM EXPRESSIONS 






Continuous time Discrete time 












Time domain Frequency domain Time domain Frequency domain 















П I 
x(t) = 1 а = xin] = [ а = 
SE TE ayes wo! i 5 Ir, x(the kot d; Si (мак еіК2т1№)п Н H Si =iN) x[n]e 07" 
Fourier 1 d 
Series continuous time Я discrete frequency discrete time <Guality > discrete frequency 
periodic in time і aperiodic in frequency periodic in time i periodic in frequency 
x(t) = | X(jw) = хіп) = i X(el#) = 
4x 9 - vx = 
е zi Хш) нд» | [22 деа Lh, XCel)el"de | Eid 
ourier ' ! 
Transform continuous time « duality > continuous frequency discrete time А continuous frequency 
aperiodic in time = aperiodic in frequency aperiodic in time i periodic in frequency 





5.8 SYSTEMS CHARACTERIZED BY LINEAR CONSTANT-COEFFICIENT 
DIFFERENCE EQUATIONS 


A general linear constant-coefficient difference equation for an LTI system with input x[n] 
and output y[n] is of the form 
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N M 
D ayin- k] = > bx[n = k]. (5.78) 
k=0 k=0 


The class of systems described by such difference equations is quite an important and 
useful one. In this section, we take advantage of several of the properties of the discrete- 
time Fourier transform to determine the frequency response Н(е/°) for an LTI system 
described by such an equation. The approach we follow closely parallels the discussion 
in Section 4.7 for continuous-time LTI systems described by linear constant-coefficient 
differential equations. 

There are two related ways in which to determine H (e/?). The first of these, which 
we illustrated in Section 3.11 for several simple difference equations, explicitly uses the 
fact that complex exponentials are eigenfunctions of LTI systems. Specifically, if x[n] — 
ejen is the input to an LTI system, then the output must be of the form H(e/” )e/@”. Substi- 
tuting these expressions into eq. (5.78) and performing some algebra allows us to solve for 
H (e^). In this section, we follow a second approach making use of the convolution, linear- 
ity, and time-shifting properties of the discrete-time Fourier transform. Let X (eJ), Y (e^), 
and H(e/^) denote the Fourier transforms of the input x[n], output y[n], and impulse re- 
sponse h[n], respectively. The convolution property, eq. (5.48), of the discrete-time Fourier 
transform then implies that 


Y(e/") 


He) = X(ejoy 





(5.79) 


Applying the Fourier transform to both sides of eq. (5.78) and using the linearity and 
time-shifting properties, we obtain the expression 


N M 
Date P y(elo) = У pe In X(e”), 
k-0 k=0 
or equivalently, 


Y(e") _ Pa ghe 7 
X(e") УЙ „ае Йй» 





Н(еі°) = (5.80) 


Comparing eq. (5.80) with eq. (4.76), we see that, as in the case of continuous time, H(e/”) 
is a ratio of polynomials, but in discrete time the polynomials are in the variable e^ J^. 
The coefficients of the numerator polynomial are the same coefficients as appear on the 
right side of eq. (5.78), and the coefficients of the denominator polynomial are the same 
as appear on the left side of that equation. Therefore, the frequency response of the LTI 
system specified by eq. (5.78) can be written down by inspection. 

The difference equation (5.78) is generally referred to as an Nth-order difference 
equation, as it involves delays in the output y[n] of up to N time steps. Also, the denomi- 
nator of H(e/”) in eq. (5.80) is an Nth-order polynomial in e^ J^. 


Example 5.18 


! Consider the causal LTI system that is characterized by the difference equation 





y[n] — ay[n – 1] = xin], (5.81) 
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with |a| < 1. From eq. (5.80), the frequency response of this system is 


1 


me аа 


(5.82) 


Comparing this with Example 5.1, we recognize it as the Fourier transform of the se- 
quence a" u[n]. Thus, the impulse response of the system is 


h[n] = a"u[n]. (5.83) 
Example 5.19 
Consider a causal LTI system that is characterized by the difference equation 
3 1 
y[n] – p” =I] + p” — 2] = 2x[n]. (5.84) 


From eq. (5.80), the frequency response is 


2 


— 3,-jo 1 2—20" 
3e-je + le-i 
1 41° rid 


H(e!”) = (5.85) 


As a first step in obtaining the impulse response, we factor the denominator of eq. (5.85): 


2 


H(e/") = 
e (1 — 3е79)(1 — leie) 





(5.86) 


H(e/”) can be expanded by the method of partial fractions, as in Example A.3 in the 
appendix. The result of this expansion is 


H(e!”) = ы — = 2 —, (5.87) 
Ds == 
1 = жы 17 41€ 9 





The inverse transform of each term can be recognized by inspection, with the result that 
мл] = 4(2) um - 2(1] uti (5.88) 
пі = 2 иіп 4 ип]. ч 


The procedure followed in Example 5.19 is identical in style to that used in contin- 


uous time. Specifically, after expanding H(e/“) by the method of partial fractions, we can 
find the inverse transform of each term by inspection. The same approach can be applied 
to the frequency response of any LTI system described by a linear constant-coefficient dif- 
ference equation in order to determine the system impulse response. Also, as illustrated in 
the next example, if the Fourier transform X(e/”) of the input to such a system is a ratio of 
polynomials іп e^ J^, then Y(e/^) is as well. In this case, we can use the same technique 
to find the response y[n] to the input x[n]. 


Example 5.20 
Consider the LTI system of Example 5.19, and let the input to this system be 


x[n] = () u[n]. 
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Then, using eq. (5.80) and Example 5.1 or 5.18, we obtain 





el=| = 


(1 — $e-j9)1— jeie) 
2 
(1 = je "yl = гет) 


Y(e") = H(e")X(e/") : | x| 
~ 46 (5.89) 





As described in the appendix, the form of the partial-fraction expansion in this case is 


B By B 
п + 12 "T 


i te jw (1. ie joy l- lee 


Y(e/") = 





(5.90) 





where the constants В|, Вә, and B», can be determined using the techniques described 
in the appendix. This particular expansion is worked out in detail in Example A.4, and 
the values obtained are 





By 2-4 Вр =-2, Bn = 8, 
so that 
4 2 
Y(e/?) = — == ar : —. (5.91) 
[= qe" (1 r2 cy 1 = ge 


The first and third terms are of the same type as those encountered in Example 5.19, 
while the second term is of the same form as one seen in Example 5.13. Either from 
these examples or from Table 5.2, we can invert each of the terms in eq. (5.91) to obtain 
the inverse transform 


yin] = | — 2(n + (i) * s(3) | и[п]. (5.92) 


5.9 SUMMARY 


In this chapter, we have paralleled Chapter 4 as we developed the Fourier transform for 
discrete-time signals and examined many of its important properties. Throughout the chap- 
ter, we have seen a great many similarities between continuous-time and discrete-time 
Fourier analysis, and we have also seen some important differences. For example, the re- 
lationship between Fourier series and Fourier transforms in discrete time is exactly anal- 
ogous to that in continuous time. In particular, our derivation of the discrete-time Fourier 
transform for aperiodic signals from the discrete-time Fourier series representations is 
very much the same as the corresponding continuous-time derivation. Furthermore, many 
of the properties of continuous-time transforms have exact discrete-time counterparts. On 
the other hand, in contrast to the continuous-time case, the discrete-time Fourier transform 
of an aperiodic signal is always periodic with period 27. In addition to similarities and 
differences such as these, we have described the duality relationships among the Fourier 
representations of continuous-time and discrete-time signals. 

The most important similiarities between continuous- and discrete-time Fourier anal- 
ysis are in their uses in analyzing and representing signals and LTI systems. Specifically, 
the convolution property provides us with the basis for the frequency-domain analysis of 
LTI systems. We have already seen some of the utility of this approach in our discussion of 
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filtering in Chapters 3—5 and in our examination of systems described by linear constant- 
coefficient differential or difference equations, and we will gain a further appreciation for 
its utility in Chapter 6, in which we examine filtering and time-versus-frequency issues in 
more detail. In addition, the multiplication properties in continuous and discrete time are 
essential to our development of sampling in Chapter 7 and communications in Chapter 8. 


Chapter 5 Problems 


The first section of problems belongs to the basic category and the answers are provided 
in the back of the book. The remaining three sections contain problems belonging to the 
basic, advanced, and extension categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


5.1. 


5.2. 


5.3. 


5.4. 


5.5. 


5.6. 


Use the Fourier transform analysis equation (5.9) to calculate the Fourier transforms 
of: 
(а) ('"'un-1] (у! 
Sketch and label one period of the magnitude of each Fourier transform. 
Use the Fourier transform analysis equation (5.9) to calculate the Fourier transforms 
of: 
(а) ô[n— 1] + 6[n - 1] (b) [n+ 2] — ó[n — 2] 
Sketch and label one period of the magnitude of each Fourier transform. 
Determine the Fourier transform for —7r = w < т in the case of each of the fol- 
lowing periodic signals: 
(a) sin(2n + P) (b) 2+ cos(zn + F) 
Use the Fourier transform synthesis equation (5.8) to determine the inverse Fourier 
transforms of: 
(a) Xi(e/*) = > .Qmó(o — 2rk) + тӧ(о — 5 — 2k) + mó(o + 5 — 27k} 

А 2j, О<о = т 

Jo = 
Use the Fourier transform synthesis equation (5.8) to determine the inverse Fourier 
transform of X(e/”) = |X(e/*)|e*X€"?. where 

1, 0= || < ¢ 3o 


кену -| PI e ам хее) = 30. 


Use your answer to determine the values of n for which x[r] = 0. 


Given that x[n] has Fourier transform X(e/^), express the Fourier transforms of the 
following signals in terms of X(e/“). You may use the Fourier transform properties 
listed in Table 5.1. 

(a) xy[n] = x[1 ^ n] + x[-1 — n] 

(b) x[n] = Eel 


(с) x[n] = (n — 1?x[n] 
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5.7. For each of the following Fourier transforms, use Fourier transform properties (Table 
5.1) to determine whether the corresponding time-domain signal is (i) real, imagi- 
nary, or neither and (ii) even, odd, or neither. Do this without evaluating the inverse 
of any of the given transforms. 

(a) Xi(e/") = eS 0 (sin kw) 
(b) X3(e/”) = jsin(w) cos(Sw) 
(с) X3(e/”) = A(w) + ei? where 


1, O<|o|s 
Ato) = | y т «l| = 


3 æla 


and B(w) = —39 + т. 


5 
2 


5.8. Use Tables 5.1 and 5.2 to help determine х[л] when its Fourier transform is 





; 1 sin 3o 
Х(е!®) = ————[|——5-|t*5-8(-) -п<о = т 
l — e" | sin7 
5.9. The following four facts are given about a real signal x[n] with Fourier transform 

X (e): 
1. x[n] = 0 for n > 0. 
2. x[0] > 0. 
3. Ina{X(e/”)} = sinw — sin 2w. 
4. 3- | 7, Xe)? dw = 3. 


Determine x[n]. 
5.10. Use Tables 5.1 and 5.2 in conjunction with the fact that 


X(e/?) = >` x[n] 
to determine the numerical value of 
20 1 n 
A= =|. 
>п | 1 
n=0 
5.11. Consider a signal g[n] with Fourier transform G(e/”). Suppose 
gin] = x[n], 


where the signal x[n] has a Fourier transform X(e/”), Determine а real number a 
such that 0 < а < 27 and G(e/?) = G(ei@~®), 


5.12. Let 
TE sin jn à m sinon 
y тп тп f 


where * denotes convolution and |w,| = т. Determine a stricter constraint оп we 
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5.14. 


5.15. 


5.16. 


5.17. 


5.18. 
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sin qn Y 
y[n] = z^ 


An LTI system with impulse response л [и] = Gun] is connected in parallel 
with another causal LTI system with impulse response лз [n]. The resulting parallel 
interconnection has the frequency response 


-12+5e је 
12 — Terie +e Pu 


which ensures that 





H(e/") = 


Determine h2[n]. 
Suppose we are given the following facts about an LTI system 5 with impulse re- 
sponse A[n] and frequency response H (eJ): 
1. (Ю"и[п] — gin], where g[n] = Оїогп = 2 and n < 0. 
2. Hiet?) Sie 
3. Н(е?®)у = H(el@-™), 
Determine A[n]. 
Let the inverse Fourier transform of У(е/®) be 


sin c.n 3 
тп 


у[п] = | 


where 0 < o, < т. Determine the value of w, which ensures that 


Y(e/”) = 3 


The Fourier transform of a particular signal is 


3 k 
Х(еі°) = ^ ш) 


1„—(ш—т/2®)` 
k=0 1 4° A ® 
It can be shown that 


x[n] = g[n]g[n], 


where g[n] is of the form a"u[n] and q[n] is a periodic signal with period N. 

(a) Determine the value of a. 

(b) Determine the value of N. 

(c) Is x[n] real? 

The signal x[n] — (— 1)" has a fundamental period of 2 and corresponding Fourier 
series coefficients ag. Use duality to determine the Fourier series coefficients b, of 
the signal g[n] — a, with a fundamental period of 2. 


Given the fact that 
EN ANNECY 
ЕД а » 
1 – 2асоѕо + а? 


5.19. 


5.20. 
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use duality to determine the Fourier series coefficients of the following continuous- 
time signal with period T = 1: 
1 


xd 5 — 4cos(27t) 


Consider a causal and stable LTI system 5 whose input x[n] and output y[n] are 
related through the second-order difference equation 


yin] - ctn - 1] - ул - 2] = x[n]. 


(a) Determine the frequency response H (e/") for the system 5. 
(b) Determine the impulse response A[n] for the system S. 


A causal and stable LTI system S has the property that 


4Y 4Y 
(8) u[n] — (s) и[п]. 


(a) Determine the frequency response H(e/”) for the system S. 
(b) Determine a difference equation relating any input x[n] and the corresponding 
output y[n]. 


BASIC PROBLEMS 


5.21. 


5.22. 


Compute the Fourier transform of each of the following signals: 
(a) x[n] = u[n — 2] — u[n — 6] 
(b) x[n] = (G "u[7n = 1] 
(с) x[n] = ()"u[-n - 2] 
(d) x[n] = 2" sin(Fn)u[—n] 
(е) x[n] = (4)" cos(Z(n — 1)) 
n —-3 =n <3 
(B. ain] = F otherwise 
(g) x[n] = sin(Fn) + cos(n) 
(h) x[n] = sin(2Z n) + cos(^Z n) 
(i) x[n] = x[n — 6], and x[n] = u[n] – u[n - S]for0 nx 5 
G) x[n] = (n = DG)" 
(К) xin] = (122) cos(77 n) 


The following are the Fourier transforms of discrete-time signals. Determine the 
signal corresponding to each transform. 
(а) X(ei) = l, == || = 3т 
0, 3 = w| = 7,0 <|ш<7 
(b) Х(е?®) = 1 + 3e7J9 + 2e% — 4е— 30 + е Л0ә 
(c) Х(е/®) = ei? for -r = w = т 
(d) X(e/”) = cos? w + sin? Зо 
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(e) X(e/") = Ур (7 D*8(o — Fk) 


(D X(e/*) = oot 
(в) Хеј) = CI Lue 
(b) X(e/») = iren 

36 7» 


Let Х(еј°) denote the Fourier transform of the signal x[n] depicted in Figure P5.23. 
Perform the following calculations without explicitly evaluating Х(е/°): 
(a) Evaluate X(e/°). 
(b) Find XX (el). 
(c) Evaluate | 7 X(e/")do. 
(4) Find Х(е?т), 
(е) Determine and sketch the signal whose Fourier transform is Re{x(w)}. 
(f) Evaluate: 
O [ZIX Pdo 


"M 
nm Jo. 
(ii) |7 ЕЕ ) dw 








Fig P5.23 


Determine which, if any, of the following signals have Fourier transforms that sat- 
isfy each of the following conditions: 

Re{X(e/”)} = 0. 

Im{X(e/”)} = 0. 

There exists a real а such that е X(e/”) is real. 
[7 X(e!*)dw = 0. 

X(e!/”) periodic. 

X(e/?) = 0. 

(a) x[n] as in Figure P5.24(a) 

(b) x[n] as in | Figure P5.24(b) 

(с) xin] = G"uln] 

(d) x[n] = G bs 

(e) x[n] = &[n — 1] + [л + 2] 

(f) x[n] = 5[n — 1] + ó[n + 3] 

(g) x[n] as in Figure P5.24(c) 

(h) x[n] as in Figure P5.24(d) 

(i) x[n] = ó[n — 1] – ó[n + 1] 


Aw шә 
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х[п] 
2 


-10123456 n 
(a) 





=] 





(9 


Fig P5.24 


5.25. Consider the signal depicted in Figure P5.25. Let the Fourier transform of this signal 
be written in rectangular form as 


X(eJ?) = Alw) + jB(o). 


Sketch the function of time corresponding to the transform 


Y(e/”) = [B(w) + A(v)e/^]. 
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————————————————————————————— 


x[n] 





Fig P5.25 


5.26. Let x, [n] be the discrete-time signal whose Fourier transform X;(e/") is depicted 
in Figure P5.26(a). 

(a) Consider the signal x2[n] with Fourier transform X»(e/"), as illustrated in Fig- 
ure P5.26(b). Express x2[n] in terms of xi[n]. [Hint: First express X>(e/“) in 
terms of X,(eJ^), and then use properties of the Fourier transform.] 

(b) Repeat part (a) for x3[n] with Fourier transform X3(e/”), as shown in Figure 
P5.26(c). 

(c) Let 


> nxj[n] 


а = == —. 


oo 


У xin] 


nz-—co 


This quantity, which is the center of gravity of the signal x; [n], is usually re- 
ferred to as the delay time of x, [n]. Find о. (You can do this without first deter- 
mining x; [n] explicitly.) 


te ( X, (e) ) $m (X, (€) ) 





(а) 
Fig P5.26a 


Chapter 5 The Discrete-Time Fourier Transform 407 


X, (e) 





(с) Fig P5.26b,c 
(d) Consider the signal x4[n] = x,[n] * h[n], where 
a= sin(mn/6) 
тп 


Sketch X4(e/”). 
5.27. (а) Let x[n] be a discrete-time signal with Fourier transform X(e/^), which is il- 
lustrated in Figure P5.27. Sketch the Fourier transform of 
w[n] = x[n]p[n] 
for each of the following signals p[n]: 
(i) p[n] = cos zn 
(й) p[n] = cos(mn/2) 
(iii) p[n] = sin(zn/2) 


(iv) pin] = > [n = 2k] 


К=—® 


(v) pin] = У б[1—4К] 


= —00 


Х(е/°) 





Fig Р5.27 
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5.28. 


5.29. 


5.30. 


(b) Suppose that the signal w[n] of part (a) is applied as the input to an LTI system 
with unit sample response 


sin(zn/2) 


h[n] — 


Determine the output у[л] for each of the choices of p[n] in part (a). 


The signals x[n] and [л] are known to have Fourier transforms X(e/") and G(e/”), 
respectively. Furthermore, X(e/”) and G(e/”) are related as follows: 
TT 
x X(e/*)G(e/""9)qg = 1+ eje (P5.28-1) 
2T] св 


(a) If x[n] = (—1)", determine a sequence g[n] such that its Fourier transform 
G(e/”) satisfies eq. (P5.28-1). Are there other possible solutions for g[n]? 
(b) Repeat the previous part for x[n] — G"u[n]. 


(a) Consider a discrete-time LTI system with impulse response 


h[n] — G) u[n]. 


Use Fourier transforms to determine the response to each of the following input 
signals: 

@ xin] = G)uln] 

Gi) x[n] = (п + 1)(1)"и[л] 


Gii) x[n] = (—1)" 
"TEN 111 ¥ тп 
[л] = 2 cos Is u[n]. 


(b) Suppose that 
Use Fourier transforms to determine the response to each of the following in- . 
puts: 
@ x[n] = (G"u[n] 
(i) x[n] = cos(zn/2) 
(c) Let x[n] and h[n] be signals with the following Fourier transforms: 
X(e/") = 3e/" + 1 – e^)" + 2е 30, 
Н(еі®) = =e + 2e 2/9 + elt. 
Determine y[n] = x[n] * h[n]. 
In Chapter 4, we indicated that the continuous-time LTI system with impulse re- 
sponse 





h(t) = M мар (=) а 22 w 
т т ті 


plays a very important role іп LTI system analysis. The same is true of the discrete- 
time LTI system with impulse response 


h[n] = sine (22) = 444 


т тп 
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(a) Determine and sketch the frequency response for the system with impulse re- 


sponse h[n]. 


(b) Consider the signal 


(c 


— 


x[n] = sin (7) — 2cos (2) 


Suppose that this signal is the input to LTI systems with the following impulse 
responses. Determine the output in each case. 

(i) h[n] РЕ sin(7rn/6) 

тп 

— sin(zn/6) , sin(zm/2) 
(ii) h[n] = sn =m E sin = 

zs = sin(rn/6)sin(mm/3) 
(iii) h[n] ЕЕ sin( T; = =: тт 


8 — sin(n/6) sin(an/3) 
(iv) h[n] = Sn - 


Consider an LTI system with unit sample response 
Ad s sin(mn/3) 
тп 


Determine the output for each of the following inputs: 
(i) x[n] = the square wave depicted in Figure P5.30 


(ii) x[n] = > 6[n — 8k] 


к= –о 
(iii) x[n] = (—1)" times the square wave depicted in Figure P5.30 
(iv) x[n] = 6[n + 1] + ó[n — 1] 


x[n] 


TIT. TEIL ИШ. ЛИ. ЛШ Л 
=8 0 8 16 п 


Fig P5.30 


5.31. An LTI system 5 with impulse response h[n] and frequency response H(e/”) is 
known to have the property that, when —7 = wo = т, 


5.32. 


COS Won — wo COS Won. 


(a) Determine H(e/?). 
(b) Determine A[n]. 
Let hı [n] and A; [n] be the impulse responses of causal LTI systems, and let H,(e/”) 


and H2(e/) be the corresponding frequency responses. Under these conditions, is 
the following equation true in general or not? Justify your answer. 


E | . Не? e| E | В Hie ydo z > ) i Н\(е?®уН›(е^®)ао. 
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5.33. Consider a causal LTI system described by the difference equation 


5.34. 


5.35. 


yin) + ln — 1] = xpi 


(a) Determine the frequency response Н(е?®) of this system. 
(b) What is the response of the system to the following inputs? 
G) x[n] = G"u[n] 
(i) x[n] = (—1)"и[п] 
(iii) x[n] = 8[n] + 3ó[n — 1] 
(iv) x[n] = 8[n] — 3ó[n — 1] 
(c) Find the response to the inputs with the following Fourier transforms: 
2 1,-јә 
@ xer) = 147 
+ 
Я 15-jo 
(i) Xe) = {= 
ae je 
eee joy — 1 
(iii) X(e | ) USFI e) 
(iv) X(ej*^) = 1 + 2e jo 
Consider a system consisting of the cascade of two LTI systems with frequency 
responses 


2-e Je 


H,(e!”) = кезе» 
1+ ze 7 


and 


| 1 
Mira Le LN reete 
di 1 — Теје + Leite 


(a) Find the difference equation describing the overall system. 
(b) Determine the impulse response of the overall system. 


A causal LTI system is described by the difference equation 
y[n] — ay[n — 1] = bx[n] + x[n — 1], 


where a is real and less than 1 in magnitude. 
(a) Find a value of Р such that the frequency response of the system satisfies 


|Н(е?®)| = 1, for all w. 


This kind of system is called an all-pass system, as it does not attenuate the 
input e^?" for any value of w. Use the value of b that you have found in the rest 
of the problem. 
(b) Roughly sketch <H(e/”),0 = о = т, when a 
(c) Roughly sketch ХН (е/°), 0 € о < m, when a 


ol 
| vie 


isi 
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(d) Find and plot the output of this system with a = -3 when the input is 


x[n] = (5) u[n]. 


From this example, we see that a nonlinear change in phase can have a signif- 
icantly different effect on a signal than the time shift that results from a linear 
phase. 

5.36. (a) Let h[n] and g[n] be the impulse responses of two stable discrete-time LTI sys- 
tems that are inverses of each other. What is the relationship between the fre- 
quency responses of these two systems? 

(b) Consider causal LTI systems described by the following difference equations. 
In each case, determine the impulse response of the inverse system and the 
difference equation that characterizes the inverse. 
© yin] = x[n] — xin- 1] 

Gi) yin] + iyin- 1] = x[n] 

Gi) yin]  5»In — 1] = x[n] — {л — 1] 

(iv) yin] + 3»In — 1] — g»In — 2] = x[n] – 1х[п—1]—х[п— 2] 
(у) yin] + yin- 1] рул – 2] = x[n] – х[п— 1] 

(vi) yin] + 2»[n — 1] — зул — 2] = x[n] 

(c) Consider the causal, discrete-time LTI system described by the difference equa- 
tion 


yin] + ул — 1] + n — 2] = x[n - 1] - jun — 2]. (P5.36-1) 


What is the inverse of this system? Show that the inverse is not causal. Find an- 
other causal LTI system that is an “inverse with delay” of the system described 
by eq. (P5.36-1). Specifically, find a causal LTI system such that the output 
w[n] in Figure P5.36 equals x[n — 1]. 


LTI system y[n] Causal 
x[n] described by LTI win] 
eq. (P5.36-1) system 
Fig P5.36 


ADVANCED PROBLEMS 


5.37. Let X(e/") be the Fourier transform of x[n]. Derive expressions in terms of Х(е/°) 
for the Fourier transforms of the following signals. (Do not assume that x[n] is real.) 
(a) Re{x[n]} 
(b) x*[—n] 
(c) &e{x[n]} 
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5.39. 


5.40. 


5.41 
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Let X(e/”) be the Fourier transform of a real signal x[n]. Show that x[n] can be 
written as 


x[n] = [ Bocos + C(o)sino) do 
0 


by finding expressions for B(w) and С(о) in terms of X(e/^). 
Derive the convolution property 


x[n] * h[n] "UA X(e/”)H(e!”). 


Let x[n] and h[n] be two signals, and let y[n] = x[n] * h[n]. Write two expressions 
for y[0], one (using the convolution sum directly) in terms of x[n] and A[n], and 
one (using the convolution property of Fourier transforms) in terms of Х(е/°) and 
H(e/”). Then, by a judicious choice of [n], use these two expressions to derive 
Parseval's relation— that is, 


7T 


+% 
> bu? = =| pedo. 


п= —% 


In a similar fashion, derive the following generalization of Parseval’s relation: 


S х[п]г'[п] = = | X(e/*)Z" (e/")do. 


Let л] be a periodic signal with period N. A finite-duration signal x[n] is related 
to X[n] through 

_ | žin], n nzno*N-1 

sin] = Ё otherwise ; 


for some integer по. That is, x[n] is equal to [лп] over one period and zero elsewhere. 
(a) If x[n] has Fourier series coefficients a; and x[n] has Fourier transform X(e/^), 
show that 


1 


a, = X(e/?* EN) 


z| 


regardless of the value of ло. 
(b) Consider the following two signals: 


x[n] = u[n] — u[n — 5] 


where N is a positive integer. Let a, denote the Fourier coefficients of [л] and 
let X(e/”) denote the Fourier transform of x[n]. | 
(i) Determine a closed-form expression for X(e/^). 
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(ii) Using the result of part (i), determine an expression for the Fourier coeffi- 
cients a,x. 


5.42. In this problem, we derive the frequency-shift property of the discrete-time Fourier 
transform as a special case of the multiplication property. Let x[n] be any discrete- 
time signal with Fourier transform X(e/^), and let 


gin] = e/"" [л]. 
(a) Determine and sketch the Fourier transform of 
pin] = еі, 
(b) The multiplication property of the Fourier transform tells us that, since 
gin] = pIn]x[n], 
Gel”) = a S X(e/?)P(e/9 949, 
Evaluate this integral to show that 
G(e/") = X(e/o79), 
5.43. Let x[n] be a signal with Fourier transform X(e/^), and let 
gin] = x[2n] 


be a signal whose Fourier transform is G(e/^). In this problem, we derive the rela- 
tionship between G(e/”) and X(e/^). 
(a) Let 


(e 7" x[n]) + x[n] 
=. 


Express the Fourier transform V(e/^) of v[n] in terms of X(e/”). 

(b) Noting that v[n] = 0 for n odd, show that the Fourier transform of v[2n] is equal 
to V(e/?). 

(c) Show that 


x[2n] = v[2n]. 
It follows that 
С(е?®) = У(еј°?). 


Now use the result of part (a) to express G(e/) in terms of X(e/”). 


5.44. (a) Let 
_ тп + » тп 
х\[п] = cos e sin 3 
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be a signal, and let X; (e/^) denote the Fourier transform of x; [n]. Sketch x; [n], 
together with the signals with the following Fourier transforms: 

(i) Xet) = Xi(e/")e/", || < т 

(i) Xale) = Xi (e/")e 9, o] < m 


Let 
w(t) = cos + sin = 
a 2T 


be a continuous-time signal. Note that x; [л] can be regarded as a sequence of 
evenly spaced samples of w(t); that is, 


х\[п] = w(nT). 
Show that 
x[n] = w(nT — а) 
and 
x3[n] = w(nT — B) 


and specify the values of a and B. From this result we can conclude that x2[7] 
and x3[n] are also evenly spaced samples of w(t). 


5.45. Consider a discrete-time signal x[n] with Fourier transform as illustrated in Figure 


P5.45. Provide dimensioned sketches of the following continuous-time signals: 


(a) 
(b) 





HO) = Eate 
x(t) = 52. n]eJQ7/10nt 


Ge ( X) } 


Fig P5.45 


5.46. 


5.47. 


5.48. 


5.49. 
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(с) x3(t) = 95. Od(x[n]je/27/9vr 
(4) x4(t) = oe uu te(x[n]]e/ 07/6 
In Example 5.1, we showed that for |a| < 1, 


5 1 
п 
чам 1 — aeie’ 
(a) Use properties of the Fourier transform to show that 


1 


ii F 
(n T Па u[n] ==? (1 ae ioj? 


(b) Show by induction that the inverse Fourier transform of 


1 


Ye) = -aey 
is 
_ ЖЕЛ 1). „ 
x[n] = "nr-1! ^ u[n]. 


Determine whether each of the following statements is true or false. Justify your 
answers. In each statement, the Fourier transform of x[n] is denoted by X(e/”). 

(a) If X(e/") = X(e/@~"), then x[n] = 0 for |n| > 0. 

(b) If X(e/*) = X(e/@-™), then x[n] = 0 for |n| > 0. 

(c) If Х(е/°) = X(e/^?), then x[n] = 0 for |n| > 0. 

(d) If X(e/”) = X(e?"), then x[n] = 0 for |n| > 0. 

We are given a discrete-time, linear, time-invariant, causal system with input de- 
noted by x[n] and output denoted by y[n]. This system is specified by the following 
pair of difference equations, involving an intermediate signal w[n]: 


1 1 2 
їл] + z»In — 1] + win] + 2w[n — 1] = тал} 
y[n] — > yin — 1] + 2w[n] - 2w[n - 1] = - anl. 


(a) Find the frequency response and unit sample response of the system. 

(b) Find a single difference equation relating x[n] and у[л] for the system. 

(a) A particular discrete-time system has input x[n] and output y[n]. The Fourier 
transforms of these signals are related by the equation 


Y(e/") = 2X(e/") + e J^ X (ei?) — e. 


(i) Isthe system linear? Clearly justify your answer. 
(ii) Is the system time invariant? Clearly justify your answer. 
(iii) What is y[n] if x[n] = ó[n]? 
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(b) Consider a discrete-time system for which the transform Y(e/”) of the output 
is related to the transform of the input through the relation 


. w+7/4 . 
Y(e/?) = | X(e!”)dw. 


w— Tl 


Find an expression for у[л] in terms of x[n]. 
5.50. (a) Suppose we want to design a discrete-time LTI system which has the property 


that if the input is 
тү i fev 
x[n] = 8) u[n] — n 6) u[n — 1], 


yin) = 8) als] 


(i) Find the impulse response and frequency response of a discrete-time LTI 
system that has the foregoing property. 
(ii) Find a difference equation relating x[n] and y[n] that characterizes the 
system. 
(b) Suppose that a system has the response (1/4)"u[n] to the input (n+ 2)(1/2)" u[n]]. 
If the output of this system is ó[n] — (—1/2)"u[n], what is the input? 
5.51. (a) Consider a discrete-time system with unit sample response 


h[n] = 6) u[n] + 26) u[n]. 


Determine a linear constant-coefficient difference equation relating the input 
and output of the system. 

(b) Figure Р5.51 depicts a block diagram implementation of а causal LTI system. 
(i) Find a difference equation relating x[n] and y[n] for this system. 
(ii) What is the frequency response of the system? 
(iii) Determine the system’s impulse response. 


then the output is 


yin] 





Fig P5.51 
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5.52. (a) Let h[n] be the impulse response of a real, causal, discrete-time LTI system. 
Show that the system is completely specified by the real part of its frequency 
response. (Hint: Show how h[n] can be recovered from Sv(h[n]). What is the 
Fourier transform of &v(h[n])?) This is the discrete-time counterpart of the real- 
part sufficiency property of causal LTI systems considered in Problem 4.47 for 
continuous-time systems. 

(b) Let A[n] be real and causal. If 


te(H(e/^)) = 1 + a cos2o(a real), 


determine h[n] and H(e/^). 

(c) Show that А[л] can be completely recovered from knowledge of Ins{H(e/” J} 
and h[0]. 

(d) Find two real, causal LTI systems whose frequency responses have imaginary 
parts equal to sinw. 


EXTENSION PROBLEMS 


5.53. One of the reasons for the tremendous growth in the use of discrete-time methods for 
the analysis and synthesis of signals and systems was the development of exceed- 
ingly efficient tools for performing Fourier analysis of discrete-time sequences. At 
the heart of these methods is a technique that is very closely allied with discrete-time 
Fourier analysis and that is ideally suited for use on a digital computer or for im- 
plementation in digital hardware. This technique is the discrete Fourier transform 
(DFT) for finite-duration signals. 

Let x[n] be a signal of finite duration; that is, there is an integer N; so that 


x[n] = 0, outside the interval 0 < n = N,—1 


Furthermore, let X(e/”) denote the Fourier transform of x[n]. We can construct a 
periodic signal X[n] that is equal to x[n] over one period. Specifically, let N = М, 
be a given integer, and let X[n] be periodic with period № and such that 


п] = x[n], 0znzN-l 


The Fourier series coefficients for [n] are given by 


1 ik(2 
йь == X[nle / (2л/М/)п 
k= 3 [n] 


Choosing the interval of summation to be that over which x[n] = x[n], we obtain 
| Ne! of 
as Lt = jk(2m/N)n ts 
ак N 2. x[n]e (P5.53-1) 


The set of coefficients defined by eq. (P5.53-1) comprise the DFT of x[n]. Specifi- 
cally, the DFT of x[n] is usually denoted by X[k], and is defined as 
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N-I 
X[k] = а, = x > ије O, k=0,1,...,N—1 (P532) 
n-0 


The importance of the DFT stems from several facts. First note that the original 
finite duration signal can be recovered from its DFT. Specifically, we have 


N=] 
x[n] = > Xpge/?""»,  4-01..N—1 553-3) 
k=0 


Thus, the finite-duration signal can either be thought of as being specified by the 
finite set of nonzero values it assumes or by the finite set of values of X[k] in its DFT. 
A second important feature of the DFT is that there is an extremely fast algorithm, 
called the fast Fourier transform (FFT), for its calculation (see Problem 5.54 for 
an introduction to this extremely important technique). Also, because of its close 
relationship to the discrete-time Fourier series and transform, the DFT inherits some 
of their important properties. 

(a) Assume that N = Nj. Show that 


X[k] = x x (eem) 


where X[k] is the DFT of x[n]. That is, the DFT corresponds to samples of 
X(e/") taken every 2v/N. Equation (P5.53—3) leads us to conclude that x[n] 
can be uniquely represented by these samples of X(e/^). 

(b) Let us consider samples of X(e/^) taken every 27/M, where M < Nj. These 
samples correspond to more than one sequence of duration №. To illustrate this, 
consider the two signals x; [n] and x2[n] depicted in Figure P5.53. Show that if 
we choose M — 4, we have 


Xi ( а каш = Ж, (е деш) 


for all values of К. 


x; [n] 





Fig P5.53 


5.54. As indicated in Problem 5.53, there are many problems of practical importance in 


which one wishes to calculate the discrete Fourier transform (DFT) of discrete-time 
signals. Often, these signals are of quite long duration, and in such cases it is very 
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important to use computationally efficient procedures. One of the reasons for the 
significant increase in the use of computerized techniques for the analysis of signals 
was the development of a very efficient technique known as the fast Fourier trans- 
form (FFT) algorithm for the calculation of the DFT of finite-duration sequences. 
In this problem, we develop the principle on which the FFT is based. 

Let x[n] be a signal that is 0 outside the interval 0 = л = N; — 1. For N = 
N,, the N-point DFT of x[n] is given by 


N-I 
X[k] = X 2. aine ame, k=0,1,...,.N-1.  (PS54-I) 
k=0 


It is convenient to write eq. (P5.54—1) as 


v 1 M nk 
X[k] = y 2, tw. (P5.54-2) 


where 
Wy = е2" 


(a) One method for calculating X[K] is by direct evaluation of eq. (P5.54-2). A 
useful measure of the complexity of such a computation is the total number of 
complex multiplications required. Show that the number of complex multipli- 
cations required to evaluate eq. (P5.54—2) directly, for k = 0,1,..., N — 1, is 
№. Assume that x[n] is complex and that the required values of W** have been 
precomputed and stored in a table. For simplicity, do not exploit the fact that, 
for certain values of n and k, W/* is equal to +1 or + j and hence does not, 
strictly speaking, require a full complex multiplication. 

(b) Suppose that N is even. Let f[n] — x[2n] represent the even-indexed samples 
of x[n], and let g[n] = x[2n + 1] represent the odd-indexed samples. 

(i) Show that f [n] and g[n] are zero outside the interval 0 = п = (№2) – 1. 
(ii) Show that the N-point DFT X[k] of x[n] can be expressed as 


, 1 (N/2)-1 1 (М/2)-1 
XU] = 2, Ли + Их У, [л 
п=0 n=0 


‚Р + ‚АС, к = 0,1,...,№-1, (P5.54-3) 


where 
_ 2 (N/2)-1 
Fk] = x 2, Лт, 
п=0 
Е 2 (N/2)-1 
GI] = >, віти. 


п=0 
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(iii) Show that, for all k, 


5 N & 
Fl 3 = F[K], 


Е 
2 
Note that F[k], k = 0, 1,..., (№2) — 1, and G[K), k = 0,1,..., (N/2) — 
1, аге the (N/2)-point DFTs of f[n] and g[n], respectively. Thus, eq. 
(P5.54—3) indicates that the length-N DFT of x[n] can be calculated in 
terms of two DFTs of length N/2. 

(iv) Determine the number of complex multiplications required to compute 
X[k], k = 0,1,2,...,N — 1, from eq. (P5.54—3) by first computing F[k] 
and G[k]. [Make the same assumptions about multiplications as in part (a), 
and ignore the multiplications by the quantity 1/2 in eq. (P5.54-3).] 

If, like N, N/2 is even, then f[n] and g[n] can each be decomposed into se- 

quences of even- and odd-indexed samples, and therefore, their DFTs can be 

computed using the same process as in eq. (P5.54—3). Furthermore, if N is an 

integer power of 2, we can continue to iterate the process, thus achieving sig- 

nificant savings in computation time. With this procedure, approximately how 

many complex multiplications are required for N = 32, 256, 1,024, and 4,096? 

Compare this to the direct method of calculation in part (a). 


(c 


М2 


In this problem we introduce the concept of windowing, which is of great importance 
both in the design of LTI systems and in the spectral analysis of signals. Windowing 
is the operation of taking a signal x[n] and multiplying it by a finite-duration window 
signal w[n]. That is, 


pin] = x[n]w[n]. 


Note that р[п] is also of finite duration. 

The importance of windowing in spectral analysis stems from the fact that in 
numerous applications one wishes to compute the Fourier transform of a signal that 
has been measured. Since in practice we can measure a signal x[n] only over a finite 
time interval (the time window), the actual signal available for spectral analysis is 


_|x[n], -М=п= Мм 
pln] = Р otherwise | 
where -M = n < M is the time window. Thus, 

pin] = x[n]w[n], 
where w[n] is the rectangular window; that is, 


ај = 1 -М<п<М 
0, otherwise 


Windowing also plays a role іп LTI system design. Specifically, for a variety of 
reasons (such as the potential utility of the FFT algorithm; see Problem P5.54), it is 


(P5.55-1) 
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often advantageous to design a system that has an impulse response of finite duration 
to achieve some desired signal-processing objective. That is, we often begin with 
a desired frequency response H(e/") whose inverse transform h[n] is an impulse 
response of infinite (or at least excessively long) duration. What is required then 
is the construction of an impulse response g[n] of finite duration whose transform 
G(e/") adequately approximates Н (e/"). One general approach to choosing g[n] is 
to find a window function w[7] such that the transform of h[n]w[n] meets the desired 
specifications for G(e/”). 

Clearly, the windowing of a signal has an effect on the resulting spectrum. In 
this problem, we illustrate that effect. 
(a) To gain some understanding of the effect of windowing, consider windowing 

the signal 


x[n] = >) [n — А] 


к= —ос 


using the rectangular window signal given іп eq. (P5.55-1). 
(i) What is X(e/?)? 
(ii) Sketch the transform of p[n] = x[n]w[n] when M = 1. 
(iii) Do the same for M = 10. 
(b) Next, consider a signal x[n] whose Fourier transform is specified by 


i 1, læ| < 7/4 
Jo = 
d Е 114 lo] sar 


Let p[n] = x[n]w[n], where w[n] is the rectangular window of eq. 
(P5.55-1). Roughly sketch P(e/^) for M = 4, 8, and 16. 

(c) One of the problems with the use of a rectangular window is that it introduces 
ripples in the transform P(e/^). (This is in fact directly related to the Gibbs 
phenomenon.) For that reason, a variety of other window signals have been 
developed. These signals are tapered; that is, they go from 0 to 1 more gradually 
than the abrupt transition of the rectangular window. The result is a reduction in 
the amplitude of the ripples in P(e/^) at the expense of adding a bit of distortion 
in terms of further smoothing of X(e/”). | 

To illustrate the points just made, consider the signal x[n] described in part 
(b), and let p[n] = x[n]w[n], where w[n] is the triangular or Bartlett window; 
that is, 


_ [1-20 Менем 
win | 0, MS". etherwise : 
Roughly sketch the Fourier transform of p[n] — x[n]w[n] for M — 4, 8, and 
16. [Hint: Note that the triangular signal can be obtained as a convolution of 
a rectangular signal with itself. This fact leads to a convenient expression for 
W(e/).] 
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(d) Let p[n] = x[n]w[n], where w[n] is a raised cosine signal known as the Han- 
ning window; i.e., 


abe | 1 + соѕ(тл/М)), -М =п= М. 
0, otherwise 


Roughly sketch P(e/”) for M = 4, 8, and 16. 
Let x[m, n] be a signal that is a function of the two independent, discrete variables 
m and n. In analogy with one dimension and with the continuous-time case treated 
in Problem 4.53, we can define the two-dimensional Fourier transform of x[m, n] as 


Х(еј®!, eje) = > x xim, п]е ee» (Р5.56—1) 


п=—®т=—® 


(a) Show that eq. (Р5.56—1) can be calculated as two successive one-dimensional 
Fourier transforms, first in m, with n regarded as fixed, and then in n. Use this 
result to determine an expression for х[т, n] in terms of X(e/@!, eje), 

(b) Suppose that 


x[m, n] = a[m]b[n], 


where a[m] and b[n] are each functions of only one independent variable. Let 
A(e/”) and B(e/^) denote the Fourier transforms of a[m] and b[n], respectively. 
Express X(e/^, e/?2) in terms of A(e/”) and B(e/”). 

(c) Determine the two-dimensional Fourier transforms of the following signals: 
(i) x[m,n] = ó[m — 1]6[n + 4] 
(i) х[т, n] = (2) "ип — 2]u[7m] 
Gii) х[т, n] = (5)" cos2erm/3)u[n] 
ii xD = | L -2<т<2апд-4<п<4 

í 0, otherwise 

(6) zona] - |5 —2+n<m<2+nand-4<n<4 

; 0, otherwise 

(vi) x[m, n] = sin (27 + тт) 

(а 


— 


Determine the signal x[m, п] whose Fourier transform is 


Х(еје, ei) = 1, O<|w,| = 7/4 and 0 < |w2| = 7/2 
i 0, п/4 < |о| < тогт/2 < |о| < т ` 


(е) Let х[т, п] and h[m, п] be two signals whose two-dimensional Fourier trans- 
forms are denoted by X(e/"', еі) and H(e/*!, еј), respectively. Deter- 
mine the transforms of the following signals in terms of X(e/*!, е/°2) and 
Н(еј®!, еј®2 ): 

(0) x[n, n]e/WmgjWan 
m | x[k,r], ifm = 2kand n = 3r 

dii 0, if m is not a multiple of 2 or n is not a multiple of 3 
(ii) y[m, n] = x[m, n]h[m, n] 
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TIME AND FREQUENCY 
CHARACTERIZATION 
OF SIGNALS AND SYSTEMS 





6.0 INTRODUCTION 


The frequency-domain characterization of an LTI system in terms of its frequency re- 
sponse represents an alternative to the time-domain characterization through convolution. 
In analyzing LTI systems, it is often particularly convenient to utilize the frequency do- 
main because differential and difference equations and convolution operations in the time 
domain become algebraic operations in the frequency domain. Moreover, concepts such as 
frequency-selective filtering are readily and simply visualized in the frequency domain. 
However, in system design, there are typically both time-domain and frequency-domain 
considerations. For example, as we briefly discussed in Examples 4.18 and 5.12, and as we 
will illustrate in more detail in this chapter, significant oscillatory behavior in the impulse 
response of a frequency-selective filter may be undesirable, and consequently, we may 
wish to sacrifice the level of frequency selectivity in a filter in order to meet the required 
tolerances on impulse response behavior. Situations such as this are the rule rather than 
the exception in practice, as in most applications we would like to specify or constrain 
certain characteristics of a system in both the time domain and the frequency domain, 
frequently resulting in conflicting requirements. Hence, in system design and analysis, it 
is important to relate time-domain and frequency-domain characteristics and trade-offs. 
Introducing these issues and relationships is the primary focus of the chapter. 


6.1 THE MAGNITUDE-PHASE REPRESENTATION OF THE FOURIER TRANSFORM 


The Fourier transform is in general complex valued and, as we discussed, can be repre- 
sented in terms of its real and imaginary components or in terms of magnitude and phase. 


424 


Signals and Systems, Second Edition 





The magnitude-phase representation of the continuous-time Fourier transform X(jw) is 
X(jw) = |X(jo)]e/**09, (6.1) 
Similarly the magnitude-phase representation of the discrete-time Fourier transform 
X(e/”) is 
Х(е!®) = |X (e eie, (6.2) 


In the following discussion, we concentrate for the most part on the continuous-time case 
in describing and illustrating several points related to magnitude-phase representations. 
The essential points apply equally to the discrete-time case. 

From the Fourier transform synthesis equation (4.8), we can think of X(jw) as pro- 
viding us with a decomposition of the signal x(t) into a “sum” of complex exponentials at 
different frequencies. In fact, as discussed in Section 4.3.7, |X(j@)|* may be interpreted 
as the energy-density spectrum of x(t). That is, |X(jw)|?dw/27 can be thought of as the 
amount of energy in the signal x(t) that lies in the infinitesimal frequency band between 
w and w + dw. Thus, the magnitude |X(jw)| describes the basic frequency content of a 
signal—i.e., |X(jw)| provides us with the information about the relative magnitudes of the 
complex exponentials that make up x(t). For example, if |X(jw)| = 0 outside of a small 
band of frequencies centered at zero, then x(t) will display only relatively low-frequency 
oscillations. 

The phase angle <X(jw), on the other hand, does not affect the amplitudes of the 
individual frequency components, but instead provides us with information concerning the 
relative phases of these exponentials. The phase relationships captured by <X(jw) have 
a significant effect on the nature of the signal x(t) and thus typically contain a substan- 
tial amount of information about the signal. In particular, depending upon what this phase 
function is, we can obtain very different-looking signals, even if the magnitude function 
remains unchanged. For example, consider again the example illustrated in Figure 3.3. In 
this case, a ship encounters the superposition of three wave trains, each of which can be 
modeled as a sinusoidal signal. With fixed magnitudes for these sinusoids, the amplitude 
of their sum may be quite small or very large, depending on the relative phases. The im- 
plications of phase for the ship, therefore, are quite significant. As another illustration of 
the effect of phase, consider the signal 


x(t) 2 1+ 5 cost + фі) + cos(4mt + фә) + 2 соз(бтт + 3). (6.3) 
In Figure 3.4, we depicted x(t) for the case when фу = ¢2 = фз = 0. In Figure 6.1, we 
illustrate x(t) for this case also and for several other choices for the phase of the individual 
components. As this figure demonstrates, the resulting signals can differ significantly for 
different relative phases. 

In general, changes in the phase function of X(jw) lead to changes in the time- 
domain characteristics of the signal x(t). In some instances phase distortion may be 
important, whereas in others it is not. For example, a well-known property of the auditory 
system is a relative insensitivity to phase. Specifically, if the Fourier transform of a spoken 
sound (e.g., a vowel) is subjected to a distortion such that the phase is changed but the 
magnitude is unchanged, the effect can be perceptually negligible, although the waveform 
in the time domain may look considerably different. While mild phase distortions such as 
those affecting individual sounds do not lead to a loss of intelligibility, more severe phase 
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(а). 


(b) 


(c) 
Figure 6.1 The signal x(t) given in 
eq. (6.3) for several different choices 
of the phase angles Ф, d», and фз: 
(a) ф = ф = ф = 0; (b) 
фі = 4 rad, ф = 8 гай, фз = 12 rad; 
(с) Фф = 6 rad, ф = —2.7 rad, фз = 
t 0.93 rad; (d) d = 1.2 rad, ф = 4.1 
(d) rad, фз = —7.02 rad. 


distortions of speech certainly do. As an extreme illustration, if x(t) is a tape recording of a 
sentence, then the signal x(—1) represents the sentence played backward. From Table 4.1, 
assuming x(t) is real valued, the corresponding effect in the frequency domain is to replace 
the Fourier transform phase by its negative: 


FO} = XC jw) = |X(jw)|e IX. 


That is, the spectrum of a sentence played in reverse has the same magnitude function as 
the spectrum of the original sentence and differs only in phase. Clearly, this phase change 
has a significant impact on the intelligibility of the recording. 

A second example illustrating the effect and importance of phase is found in examin- 
ing images. As we briefly discussed in Chapter 3, a black-and-white picture can be thought 
of as a signal x(t), t2), with t; denoting the horizontal coordinate of a point on the picture, 
t; the vertical coordinate, and x(t), t2) the brightness of the image at the point (t4, t2). The 
Fourier transform X( jo, jwz) of the image represents a decomposition of the image into 
complex exponential components of the form e/®'"' e/”2"2 that capture the spatial varia- 
tions of x(t;, t2) at different frequencies in each of the two coordinate directions. Several 
elementary aspects of two-dimensional Fourier analysis are addressed in Problems 4.53 
and 5.56. 

In viewing a picture, some of the most important visual information is contained in 
the edges and regions of high contrast. Intuitively, regions of maximum and minimum 
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(c) (d) 


intensity in a picture are places at which complex exponentials at different frequencies are 
in phase. Therefore, it seems plausible to expect the phase of the Fourier transform of a 
picture to contain much of the information in the picture, and in particular, the phase should 
capture the information about the edges. To substantiate this expectation, in Figure 6.2(a) 
we have repeated the picture shown in Figure 1.4. In Figure 6.2(b) we have depicted the 
magnitude of the two-dimensional Fourier transform of the image in Figure 6.2(a), where 
in this image the horizontal axis is о, the vertical is w2, and the brightness of the image 
at the point (о, w2) is proportional to the magnitude of the transform X( jw), jw2) of the 
image in Figure 6.2(a). Similarly, the phase of this transform is depicted in Figure 6.2(c). 
Figure 6.2(d) is the result of setting the phase [Figure 6.2(c)] of X( jw, jw2) to zero (with- 
out changing its magnitude) and inverse transforming. In Figure 6.2(e) the magnitude of 
X(jwı, jw2) was set equal to 1, but the phase was kept unchanged from what it was in 
Figure 6.2(c). Finally, in Figure 6.2(f) we have depicted the image obtained by inverse 
transforming the function obtained by using the phase in Figure 6.2(c) and the magnitude 
of the transform of a completely different image—the picture shown in Figure 6.2(g)! 
These figures clearly illustrate the importance of phase in representing images. 
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Figure 6.2 (a) The image shown in Figure 1.4; 
(b) magnitude of the two-dimensional Fourier 
transform of (a); (c) phase of the Fourier trans- 
form of (a); (d) picture whose Fourier transform 
has magnitude as in (b) and phase equal to zero; 
(e) picture whose Fourier transform has magnitude 
equal to 1 and phase as in (c); (f) picture whose 
Fourier transform has phase as in (c) and magni- 
tude equal to that of the transform of the picture 
shown in (g). 





6.2 THE MAGNITUDE-PHASE REPRESENTATION 
OF THE FREQUENCY RESPONSE OF LTI SYSTEMS 


From the convolution property for continuous-time Fourier transforms, the transform 
Y( jo) of the output of an LTI system is related to the transform X( jw) of the input to the 
system by the equation 


Y(jo) = H(jo)X(jo), 


where H( jo) is the frequency response of the system—i.e., the Fourier transform of the 
system's impulse response. Similarly, in discrete time, the Fourier transforms of the input 
X(e/^) and ouput Y(e/^) of an LTI system with frequency response H(e/”) are related by 


Y(e/"*) = H(e/")X(e/^). (6.4) 


Thus, the effect that an LTI system has on the input is to change the complex ampli- 
tude of each of the frequency components of the signal. By looking at this effect in terms 
of the magnitude-phase representation, we can understand the nature of the effect in more 
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detail. Specifically, in continuous time, 
IY (jo) 





= }Н(}в)||Х(}в)| (6.5) 
апа 
XY(jo) = XH(jo) + XX(jo), (6.6) 


and exactly analogous relationships hold in the discrete-time case. From eq. (6.5), we see 
that the effect an LTI system has on the magnitude of the Fourier transform of the sig- 
nal is to scale it by the magnitude of the frequency response. For this reason, |H(jw)| (or 
|Н (ej")|) is commonly referred to as the gain of the system. Also, from eq. (6.6), we see 
that the phase of the input <X(jw) is modified by the LTI system by adding the phase 
X H(jo) to it, and XH(jo) is typically referred to as the phase shift of the system. The 
phase shift of the system can change the relative phase relationships among the compo- 
nents of the input, possibly resulting in significant modifications to the time domain char- 
acteristics of the input even when the gain of the system is constant for all frequencies. 
The changes in the magnitude and phase that result from the application of an input to 
an LTI system may be either desirable, if the input signal is modified in a useful way, or 
undesirable, if the input is changed in an unwanted manner. In the latter case, the effects 
in eqs. (6.5) and (6.6) are commonly referred to as magnitude and phase distortions. In 
the following sections, we describe several concepts and tools that allow us to understand 
these effects a bit more thoroughly. 


6.2.1 Linear and Nonlinear Phase 


When the phase shift at the frequency w is a linear function of w, there is a particularly 
straightforward interpretation of the effect in the time domain. Consider the continuous- 
time LTI system with frequency response 


H(jw) = e "^, (6.7) 
so that the system has unit gain and linear phase—i.e., 
lH(jo) = 1, €H(jo) = —wto. (6.8) 


As shown in Example 4.15, the system with this frequency response characteristic pro- 
duces an output that is simply a time shift of the input—i.e., 
y(t) = x(t — to). (6.9) 
In the discrete-time case, the effect of linear phase is similar to that in the continuous- 
time case when the slope of the linear phase is an integer. Specifically, from Example 5.11, 
we know that the LTI system with frequency response e^ /^"» with linear phase function 
—qw no produces an ouput that is a simple shift of the input—i.e., y[n] = x[n — no]. Thus, a 
linear phase shift with an integer slope corresponds to a shift of x[n] by an integer number 
of samples. When the phase slope is not an integer, the effect in the time domain is some- 
what more complex and is discussed in Chapter 7, Section 7.5. Informally, the effect is a 
time shift of the envelope of the sequence values, but the values themselves may change. 
While linear phase shifts lead to very simple and easily understood and visualized 
changes in a signal, if an input signal is subjected to a phase shift that is a nonlin- 
ear function of w, then the complex exponential components of the input at different 
frequencies will be shifted in a manner that results in a change in their relative phases. 
When these exponentials are superimposed, we obtain a signal that may look considerably 
different from the input signal. This is illustrated in Figure 6.3 in the continuous-time case. 
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In Figure 6.3(a), we depict a signal that is applied as the input to three different systems. 
Figure 6.3(b) shows the output when the signal is applied as input to a system with fre- 
quency response H\(jw) = e ^^», resulting in an output that equals the input delayed by 
to seconds. In Figure 6.3(c), we display the output when the signal is applied to a system 
with unity gain and nonlinear phase function—.e., 


Hx(jw) = eimo) (6.10) 


where <H (jw) 15 a nonlinear function of w. Figure 6.3(d) shows the output from another 
system with nonlinear phase. In this case, the corresponding frequency response has a 
phase shift that is obtained by adding a linear phase term to <H>(jw)—i.e., 


Нз(јо) = Hy(jw)e "^. (6.11) 


Thus, the output in Figure 6.3(d) can be thought of as the response to a cascade of the 
system H>( jw) followed by a time shift, so that the waveforms in Figures 6.3(c) and (d) 
are related through a simple time shift. 

In Figure 6.4, we illustrate the effect of both linear and nonlinear phase in the 
discrete-time case. Once again, the signal in Figure 6.4(a) is applied as the input to three 
different LTI systems, all with unity gain (i.e., |H(e/”)| = 1). The signals in the subse- 
quent parts of Figure 6.4 depict the corresponding outputs. In the case of Figure 6.4(b), 
the system has linear phase characteristics with integer slope of —5, so that the output 
equals the input delayed by 5. The phase shifts for the systems associated with Figures 
6.4(c) and (d) are nonlinear, but the difference between these two phase functions is linear 
with integer slope so that the signals in Figures 6.4(c) and (d) are related by a time shift. 

Note that all the systems considered in the examples illustrated in Figures 6.3 and 6.4 
have unity gain, so that the magnitude of the Fourier transform of the input to any of 
these systems is passed through unchanged by the system. For this reason, such systems 
are commonly referred to as all-pass systems. The characteristics of an all-pass system 
are completely determined by its phase-shift characteristics. A more general LTI system 
H( jw) or H(e/"), of course, imparts both magnitude shaping through the gain |H(jw)| or 
|H(e/”)| and phase shift that may or may not be linear. 


6.2.2 Group Delay 


As discussed in Section 6.2.1, systems with linear phase characteristics have the particu- 
larly simple interpretation as time shifts. In fact, from eqs. (6.8) and (6.9), the phase slope 


tells us the size of the time shift. That is, in continuous time, if <H(jw) = —«wto, then 
the system imparts a time shift of —fp or, equivalently, a delay of tọ. Similarly, in discrete 
time, X:H(e/") = —wno corresponds to a delay of no. 


The concept of delay can be very naturally and simply extended to include nonlin- 
ear phase characteristics. Suppose that we wish to examine the effects of the phase of a 
continuous-time LTI system on a narrowband input—i.e., an input x(t) whose Fourier 
transform is zero or negligibly small outside a small band of frequencies centered at 
w = wo. By taking the band to be very small, we can accurately approximate the phase 
of this system in the band with the linear approximation 


XH(jo) = –ф — wa, (6.12) 
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(а) 


(с) 


(d) 


Figure 6.4 (a) Discrete-time signal 
that is applied as input to several sys- 
tems for which the frequency response 
has unity magnitude; (b) response for 
a system with linear phase with slope 
of —5; (c) response for a system with 
nonlinear phase; and (d) response for 
a system whose phase characteristic 
is that of part (c) plus a linear phase 
term with integer slope. 
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so that 
Y(jo) = X(jo)|HCjo)|e іе і". (6.13) 


Thus, the approximate effect of the system on the Fourier transform of this narrowband 
input consists of the magnitude shaping corresponding to |H( jo)|, multiplication by an 
overall constant complex factor e^/? and multiplication by a linear phase term e ^^ 
corresponding to a time delay of а seconds. This time delay is referred to as the group 
delay at w = wo, as it is the effective common delay experienced by the small band or 
group of frequencies centered atw = wo. 

The group delay at each frequency equals the negative of the slope of the phase at 
that frequency; i.e., the group delay is defined as 


d : 
T(w) = Fo XH Go). (6.14) 


The concept of group delay applies directly to discrete-time systems as well. In the next 
example we illustrate the effect of nonconstant group delay on a signal. 


Example 6.1 


Consider the impulse response of an all-pass system with a group delay that varies with 
frequency. The frequency response H( jw) for our example is the product of three factors; 
Ïé, 


3 
Н(јо) = | | Hi(jo), 
i=1 
where 


1+ (joo; н 2]% (w/w) 


Hi(jo) = , 
1+ (jo; +24; (w/w;) 


(6.15) 
@, = 315 rad/sec and й = 0.066, 

w = 943 rad/sec and £ = 0.033, 

1888 rad/sec and /3 = 0.058. 


ll 


w3 


It is often useful to express the frequencies w; measured in radians per second in terms 
of frequencies f; measured in Hertz, where 


Qj = 27 fi. 
In this case, 

Л = 50 Hz 

fa = 150 Hz 

Л = 300 Hz. 


Since the numerator of each of the factors H;( jw) is the complex conjugate of 
the corresponding denominator, it follows that |H;(jw)| = 1. Consequently, we may also 
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conclude that 
|H(jw)| = 1. 


The phase for each H;( jw) can be determined from eq. (6.15): 
| 24 (w/w) 
XHi(jo) = —2 arctan] —————, 


] = (о/о) 


апа 


3 
€H(o) = У Није). 


i-l 


If the values of XH (jw) are restricted to lie between —7r and тг, we obtain the principal- 
phase function (i.e., the phase modulo 27), as shown in Figure 6.5(а) where we have 
plotted the phase versus frequency measured in Hertz. Моге that this function con- 
tains discontinuities of size 27 at various frequencies, making the phase function non- 
differentiable at those points. However, the addition or subtraction of any integer multiple 
of 27 to the value of the phase at any frequency leaves the original frequency response 
unchanged. Thus, by appropriately adding or subtracting such integer multiples of 27r 
from various portions of the principal phase, we obtain the unwrapped phase in Fig- 
ure 6.5(b). The group delay as a function of frequency may now be computed as 


rw) = -FIH Go). 


where <[H(jw)] represents the unwrapped-phase function corresponding to H( jw). A 
plot of T(w) is shown in Figure 6.5(c). Observe that frequencies in the close vicinity of 
50 Hz experience greater delay than frequencies in the vicinity of 150 Hz or 300 Hz. The 
effect of such nonconstant group delay can also be qualitatively observed in the impulse 
response (see Figure 6.5(d)) of the LTI system. Recall that 9(8(7)) = 1. The frequency 
components of the impulse are all aligned in time in such a way that they combine to 
form the impulse, which is, of course, highly localized in time. Since the all-pass system 
has nonconstant group delay, different frequencies in the input are delayed by different 
amounts. This phenomenon is referred to as dispersion. In the current example, the group 
delay is highest at 50 Hz. Consequently, we would expect the latter parts of the impulse 
response to oscillate at lower frequencies near 50 Hz. This clearly evident in Figure 
6.5(d). 


Example 6.2 


Nonconstant group delay is among the factors considered important for assessing the 
transmission performance of switched telecommunications networks. In a survey! in- 
volving locations all across the continental United States, AT&T/Bell System reported 
group delay characteristics for various categories of toll calls. Figure 6.6 displays some 
of the results of this study for two such classes. In particular, what is plotted in each 
curve in Figure 6.6(a) is the nonconstant portion of the group delay for a specific cate- 
gory of toll calls. That is, for each category, a common constant delay corresponding to 


'“Analog Transmission Performance on the Switched Telecommunications Network,” by F. P. Duffy 
and T. W. Thatcher, Jr., in the Bell System Technical Journal, vol. 50, no. 4, April, 1971. 
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Figure 6.5 Phase, group delay, and impulse response for the all-pass sys- 
tem of Example 6.1: (a) principal phase; (b) unwrapped phase; (c) group delay; 
(d) impulse response. Each of these quantities is plotted versus frequency 
measured in Hertz. 
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Figure 6.6 (a) Non-constant portion of the group delay; and (b) frequency re- 


sponse magnitude as functions of frequency for short- and medium-distance toll calls 
in switched telecommunications networks [after Duffy and Thatcher]. Each of these 
quantities is plotted versus frequency measured in Hertz. Also, as is commonly done 
in practice, the magnitudes of the frequency responses are plotted using a logarithmic 
scale in units of decibels. That is, what is plotted in (b) is 20100,6 |H(jæ)| for the fre- 
quency responses corresponding to short- and medium-distance toll calls. The use of 
this logarithmic scale for the frequency-response magnitudes is discussed in detail in 
Section 6.2.3. 


the minimum of the group delay over all frequencies has been subtracted from the group 
delay, and the resulting difference is plotted in Figure 6.6(a). Consequently, each curve 
in Figure 6.6(a) represents the additional delay (beyond this common constant delay) 
experienced by the different frequency components of toll calls within each category. 
The curves labeled SHORT and MEDIUM respectively represent the results for short- 
distance (0-180 airline miles) and medium-distance (180-725 airline miles) toll calls. 
The group delay as a function of frequency is seen to be lowest at 1,700 Hz and increases 
monotonically as we move away from that figure in either direction. 

When the group delay characteristics illustrated in Figure 6.6(a) are combined 
with the characteristics of the magnitude of the frequency response reported in the same 
AT&T/Bell System survey and shown in Figure 6.6(b), we obtain impulse reponses of the 
type shown in Figure 6.7. The impulse response in Figure 6.7(а) corresponds to the short- 
distance category. The very low- and very high-frequency components of the response 
occur later than the components in the mid-frequency range. This is compatible with 
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Figure 6.7 Impulse responses associated with the group delay and magnitude char- 
acteristics in Figure 6.6: (a) impulse response corresponding to the short-distance cate- 
gory of toll calls; (b) impulse response for the medium-distance category. 


the corresponding group delay characteristics in Figure 6.6(a). Similarly, Figure 6.7(b) 
illustrates the same phenomenon for the impulse response corresponding to medium- 
distance toll calls. 


6.2.3 Log-Magnitude and Phase Plots 


In graphically displaying continuous-time or discrete-time Fourier transforms and system 
frequency responses in polar form, it is often convenient to use a logarithmic scale for the 
magnitude of the Fourier transform. One of the principal reasons for doing this can be seen 
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from eqs. (6.5) and (6.6), which relate the magnitude and phase of the output of an LTI 
system to those of the input and frequency response. Note that the phase relationship is 
additive, while the magnitude relationship involves the product of |H(jw)| and |X( jo )]. 
Thus, if the magnitudes of the Fourier transform are displayed on a logarithmic amplitude 
scale, eq. (6.5) takes the form of an additive relationship, namely, 


log |¥(jw)| = log |H(jw)| + log|X(jw)|, (6.16) 


with an exactly analogous expression in discrete time. 

Consequently, if we have a graph of the log magnitude and phase of the Fourier 
transform of the input and the frequency response of an LTI system, the Fourier transform 
of the output is obtained by adding the log-magnitude plots and by adding the phase plots. 
In a similar fashion, since the frequency response of the cascade of LTI systems is the 
product of the individual frequency responses, we can obtain plots of the log magnitude and 
phase of the overall frequency response of cascaded systems by adding the corresponding 
plots for each of the component systems. In addition, plotting the magnitude of the Fourier 
transform on a logarithmic scale allows detail to be displayed over a wider dynamic range. 
For example, on a linear scale, the detailed magnitude characteristics in the stopband of 
a frequency-selective filter with high attenuation are typically not evident, whereas they 
are on a logarithmic scale. 

Typically, the specific logarithmic amplitude scale used is in units of 2010р, re- 
ferred to as decibels? (abbreviated dB). Thus, 0 dB corresponds to a frequency response 
with magnitude equal to 1, 20 dB is equivalent to a gain of 10, —20 dB corresponds to an 
attenuation of 0.1, and so on. Also, it is useful to note that 6 dB approximately corresponds 
to a gain of 2. 

For continuous-time systems, it is also common and useful to use a logarithmic 
frequency scale. Plots of 20 log, |H(jw)| and <H(jw) versus log, 9(w) are referred to 
as Bode plots. A typical Bode plot is illustrated in Figure 6.8. Note that, as discussed 
in Section 4.3.3, if A(t) is real, then |H(jw)| is an even function of w and <H(jw) is 
an odd function of w. Because of this, the plots for negative w are superfluous and can 
be obtained immediately from the plots for positive w. This, of course, makes it pos- 
sible to plot frequency response characteristics versus Іор (к) for о > 0, as in the 
figure. 

The use of a logarithmic frequency scale offers a number of advantages in continu- 
ous time. For example, it often allows a much wider range of frequencies to be displayed 
than does a linear frequency scale. In addition, on a logarithmic frequency scale, the shape 


?The origin of this particular choice of units and the term decibels can be traced to the definition of 
power ratios in systems. Specifically, since the square of the magnitude of the Fourier transform of a signal can 
be interpreted as the energy per unit frequency, or power, in a signal, the square of the magnitude, |H(jw)|* or 
|H(e/”)|?, of the frequency response of a system can be thought of as the power ratio between the input and 
the output of an LTI system. In honor of Alexander Graham Bell, the inventor of the telephone, the term bel 
was introduced to indicate a factor of 10 in a power ratio, and decibel was used to denote one-tenth of this 
factor on a logarithmic scale (so that the cascade of 10 systems with 1-dB power ratios each would result in 
1 bel of power amplification). Thus, 10log,, |H(jw)/* is the number of decibels of power amplification for the 
frequency response Н (јо), and this in turn equals 20 log,, |H(jw)| in magnitude amplification. 
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Figure 6.8 А typical Bode plot. (Note that w is plotted using a logarithmic 
scale.) 


of a particular response curve doesn't change if the frequency is scaled. (See Problem 
6.30.) Furthermore for continuous-time LTI systems described by differential equations, 
an approximate sketch of the log magnitude vs. log frequency can often be easily obtained 
through the use of asymptotes. In Section 6.5, we will illustrate this by developing sim- 
ple piecewise-linear approximate Bode plots for first- and second-order continuous-time 
systems. 

In discrete time, the magnitudes of Fourier transforms and frequency responses are 
often displayed in dB for the same reasons that they are in continuous time. However, 
in discrete time a logarithmic frequency scale is not typically used, since the range of 
frequencies to be considered is always limited and the advantage found for differential 
equations (i.e., linear asymptotes) does not apply to difference equations. Typical graphi- 
cal representations of the magnitude and phase of a discrete-time frequency response are 
shown in Figure 6.9. Here, we have plotted 4:H(e/^) in radians and |H(e/“)| in decibels 
[i.e., 20 logo |H (e/^)|] as functions of w. Note that for h[n] real, we actually need plot 
H(e/") only for 0 = w = т, because in this case the symmetry property of the Fourier 
transform implies that we can then calculate H(e/”) for —7 = w < 0 using the relations 
|Н(е?®)| = |Н(е-і°)| and «:H(e ^J") = —H(eJ^). Furthermore, we need not consider 
values of |w| greater than т, because of the periodicity of H (e^). 
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Figure 6.9 Typical graphical representations of the magnitude and phase of 
a discrete-time frequency response H(e/^). 


As emphasized in this section, a logarithmic amplitude scale is often useful and 
important. However, there are many situations in which it is convenient to use a linear 
amplitude scale. For example, in discussing ideal filters for which the magnitude of the 
frequency response is a nonzero constant over some frequency bands and zero over others, 
a linear amplitude scale is more appropriate. Thus, we have introduced both linear and 
logarithmic graphical representations for the magnitude of the Fourier transform and will 
use each as appropriate. 


6.3 TIME-DOMAIN PROPERTIES OF IDEAL FREQUENCY-SELECTIVE FILTERS 


In Chapter 3, we introduced the class of frequency-selective filters, i.e., LTI systems with 
frequency responses chosen so as to pass one or several bands of frequencies with little or 
no attenuation and to stop or significantly attenuate frequencies outside those bands. As 
we discussed in Chapters 3, 4, and 5, there are a number of issues of importance that arise 
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in frequency-selective filtering applications and that relate directly to the characteristics 
of frequency-selective filters. In this section, we take another look at such filters and their 
properties. We focus our attention here on lowpass filters, although very similar concepts 
and results hold for other types of frequency-selective filters such as highpass or bandpass 
filters. (See Problems 6.5, 6.6, 6.26, and 6.38.) 

As introduced in Chapter 3, a continuous-time ideal lowpass filter has a frequency 
response of the form 


1 о = e 


H(jw) = Г ж (6.17) 


This is illustrated in Figure 6.10(a). Similarly, a discrete-time ideal lowpass filter has a 
frequency response 


i 1 |o| <= we 
Јоу = с 
Н(е”°) là és € [io] Ж я (6.18) 
Н(јо) 
Фс ос о 
(а) 
H(e!”) 
Ог т —@с ос т 2T [n] 


(b) 


Figure 6.10 (a) The frequency response of a continuous-time ideal low- 
pass filter; (b) the frequency response of a discrete-time ideal lowpass filter. 


and is periodic in w, as depicted in Figure 6.10(b). As can be seen from eqs. (6.17) 
and (6.18) or from Figure 6.10, ideal lowpass filters have perfect frequency selectivity. 
That is, they pass without attenuation all frequencies at or lower than the cutoff frequency 
«юг and completely stop all frequencies in the stopband (i.e., higher than w+). Moreover, 
these filters have zero phase characteristics, so they introduce no phase distortion. 

As we have seen in Section 6.2, nonlinear phase characteristics can lead to signifi- 
cant changes in the time-domain characteristics of a signal even when the magnitude of its 


Chapter 6 Time and Frequency Characterization of Signals and Systems 441 


spectrum is not changed by the system, and thus, a filter with a magnitude characteristic as 
in eq. (6.17) or eq. (6.18), but with nonlinear phase, might produce undesirable effects in 
some applications. On the other hand, an ideal filter with linear phase over the passband, 
as illustrated in Figure 6.11, introduces only a simple time shift relative to the response of 
the ideal lowpass filter with zero phase characteristic. 


|H(j@)| 
1 
—Oc 0 Wo W 
X H(jw)=—aw 
ос 
-wc w 


Figure 6.11  Continuous-time ideal 
lowpass filter with linear phase charac- 
teristic. 


In Examples 4.18 and 5.12, we computed the impulse responses of ideal lowpass 
filters. In particular, the impulse response corresponding to the filter in eq. (6.17) is 
sin wt 


h(t) = - (6.19) 





which is shown in Figure 6.12(a). Similarly, the impulse response of the discrete-time 
ideal filter in eq. (6.18) is 


sinon 
h[n] = i3 (6.20) 





which is depicted in Figure 6.12(b) for w; = 7/4. If either of the ideal frequency responses 
of eqs. (6.17) and (6.18) is augmented with a linear phase characteristic, the impulse 
response is simply delayed by an amount equal to the negative of the slope of this phase 
function, as is illustrated in Figure 6.13 for the continuous-time impulse response. Note 
that in both continuous and discrete time, the width of the filter passband is proportional 
to we, while the width of the main lobe of the impulse is proportional to 1/w,. As the 
bandwidth of the filter increases, the impulse response becomes narrower, and vice versa, 
consistent with the inverse relationship between time and frequency discussed in Chapters 
4 and 5. 
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Figure 6.12 (a) The impulse response of the continuous-time ideal lowpass filter 
of Figure 6.10(a); (b) the impulse response of the discrete-time ideal lowpass filter of 
Figure 6.10(b) with о, = 7/4. 


h(t—a) 





Figure 6.13 Impulse response of an ideal lowpass filter with magnitude 
and phase shown in Figure 6.11. 
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The step responses s(t) and s[n] of the ideal lowpass filters in continuous time and 
discrete time are displayed in Figure 6.14. In both cases, we note that the step responses 
exhibit several characteristics that may not be desirable. In particular, for these filters, 
the step responses overshoot their long-term final values and exhibit oscillatory behavior, 
frequently referred to as ringing. Also, recall that the step response is the running integral 


or sum of the impulse response—i.e., 


t 
s(t) = | һ(т)ат, 


—o 


sin = > him. 


т=—©® 


s(t) 





(a) 


s[n] 


MI 


(b) 


Figure 6.14 (a) Step response of a continuous-time ideal lowpass filter; 
(b) step response of a discrete-time ideal lowpass filter. 
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Since the impulse responses for the ideal filters have main lobes extending from —m/we 
to 4-7/o,, the step responses undergo their most significant change in value over this 
time interval. That is, the so-called rise time of the step response, a rough measure of the 
response time of the filter, is also inversely related to the bandwidth of the filter. 


6.4 TIME-DOMAIN AND FREQUENCY-DOMAIN ASPECTS 


OF NONIDEAL FILTERS 


The characteristics of ideal filters are not always desirable in practice. For example, in 
many filtering contexts, the signals to be separated do not always lie in totally disjoint 
frequency bands. A typical situation might be that depicted in Figure 6.15, where the 
spectra of two signals overlap slightly. In such a case, we may wish to trade off the fi- 
delity with which the filter preserves one of these signals—say, x;(1)—against the level 
to which frequency components of the second signal x2(f) are attenuated. A filter with 
a gradual transition from passband to stopband is generally preferable when filtering the 
superposition of signals with overlapping spectra. 


X (jw) 
X2(jw) 


X (jo) 


Figure 6.15 Two spectra that are 
w Slightly overlapping. 


Another consideration is suggested by examining the step responses of ideal lowpass 
filters, shown in Figure 6.14. For both continuous time and discrete time, the step response 
asymptotically approaches a constant equal to the value of the step. In the vicinity of the 
discontinuity, however, it overshoots this value and exhibits ringing. In some situations, 
this time-domain behavior may be undesirable. 

Moreover, even in cases where the ideal frequency-selective characteristics are de- 
sirable, they may not be attainable. For example, from eqs. (6.18) and (6.19) and Fig- 
ure 6.12, it is evident that the ideal lowpass filter is noncausal. When filtering is to be 
carried out in real time, however, causality is a necessary constraint, and thus, a causal 
approximation to the ideal characteristics would be required. A further consideration that 
motivates providing some flexibility in the filter characteristics is ease of implementation. 
In general, the more precisely we try to approximate or implement an ideal frequency- 
selective filter, the more complicated or costly the implementation becomes, whether in 
terms of components such as resistors, capacitors, and operational amplifiers in continu- 
ous time or in terms of memory registers, multipliers, and adders in discrete time. In many 
contexts, a precise filter characteristic may not be essential and a simple filter will suffice. 

For all of these reasons, nonideal filters are of considerable practical importance, 
and the characteristics of such filters are frequently specified or quantified in terms of 
several parameters in both the frequency and time domain. First, because the magnitude 
characteristics of the ideal frequency-selective filter may be unachievable or undesirable, 
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it is preferable to allow some flexibility in the behavior of the filter in the passband and 
in the stopband, as well as to permit a more gradual transition between the passband and 
stopband, as opposed to the abrupt transition characteristic of ideal filters. For example, 
in the case of lowpass filters, the specifications may allow some deviation from unity gain 
in the passband and from zero gain in the stopband, as well as including both a passband 
edge and stopband edge with a transition band between them. Thus, specifications for a 
continuous-time lowpass filter are often stated to require the magnitude of the frequency 
response of the filter to be restricted to the nonshaded area indicated in Figure 6.16. In 
this figure, a deviation from unity of plus and minus ô; is allowed in the passband, and a 
deviation of 52 from zero is allowed in the stopband. The amount by which the frequency 
response differs from unity in the passband is referred to as the passband ripple, and the 
amount by which it deviates from zero in the stopband is referred to as the stopband ripple. 
The frequency wp is referred to as the passband edge and о; as the stopband edge. The 
frequency range from wp to ws is provided for the transition from passband to stopband 
and is referred to as the transition band. Similar definitions apply to discrete-time lowpass 
filters, as well as to other continuous- and discrete-time frequency-selective filters. 
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In addition to the specification of magnitude characteristics in the frequency domain, 
in some cases the specification of phase characteristics is also important. In particular, a 
linear or nearly linear phase characteristic over the passband of the filter is frequently 
desirable. 

To control the time-domain behavior, specifications are frequently imposed on the 
step response of a filter. As illustrated in Figure 6.17, one quantity often of interest is the 
rise time t, of the step response—i.e., the interval over which the step response rises toward 
its final value. In addition, the presence or absence of oscillatory behavior, or ringing, in the 
step response is often of importance. If such ringing is present, then there are three other 
quantities that are often used to characterize the nature of these oscillations: the overshoot 
A of the final value of the step response, the ringing frequency w,, and the settling time 
1,—i.e., the time required for the step response to settle to within a specified tolerance of 
its final value. 

For nonideal lowpass filters, a trade-off may be observed between the width of the 
transition band (a frequency-domain characteristic) and the settling time of the step re- 
sponse (a time-domain characteristic). The following example illustrates this trade-off. 
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Figure 6.17 Step response of a continuous-time lowpass filter, indicating 
the rise time t, overshoot A, ringing frequency w, and settling time t;—.e., 
the time at which the step response settles to within +6 of its final value. 


Example 6.3 


> Let us consider two specific lowpass filters designed to have a cutoff frequency of 500 
Hz. Each filter has a fifth-order rational frequency response and a real-valued impulse 
response. The two filters are of specific types, one referred to as Butterworth filters 
_ and the other as elliptic filters. Both of these classes of filters are frequently used in 
practice. 

The magnitudes of the frequency responses of the two filters are plotted (versus 
frequency measured in Hertz) in Figure 6.18(a). We take the transition band of each 
filter as the region around the cutoff frequency (500 Hz) where the frequency response 
magnitude is neither within .05 of unity magnitude (the passband ripple) nor within .05 
of zero magnitude (the stopband ripple). From Figure 6.18(a), it can be seen that the 
transition band of the Butterworth filter is wider than the transition band of the elliptic 
— filter. 

The price paid for the narrower transition band of the elliptic filter may be observed 
in Figure 6.18(b), in which the step responses of both filters are displayed. We see that 
the ringing in the elliptic filter's step response is more prominent than for the Butterworth 
step response. In particular, the settling time for the step response is longer in the case 
of the elliptic filter. 





The consideration of the trade-offs between time-domain and frequency-domain 
characteristics and of other issues such as the complexity and cost of filters forms the 
core of the important field of filter design. In the next few sections, and in several of the 
problems at the end of the chapter, we provide additional examples of LTI systems and 
filters and their time- and frequency-domain characteristics. 
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Figure 6.18 Example of a fifth-order Butterworth filter and a fifth-order 
elliptic filter designed to have the same passband and stopband ripple and 
the same cutoff frequency: (a) magnitudes of the frequency responses plotted 
versus frequency measured in Hertz; (b) step responses. 
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6.5 FIRST-ORDER AND SECOND-ORDER CONTINUOUS-TIME SYSTEMS 


LTI systems described by linear constant-coefficient differential equations are of great 
practical importance, because many physical systems can be modeled by such equations 
and because systems of this type can often be conveniently implemented. For a variety 
of practical reasons, high-order systems are frequently implemented or represented by 
combining first-order and second-order systems in cascade or parallel arrangements. Con- 
sequently, the properties of first- and second-order systems play an important role in an- 
alyzing, designing, and understanding the time-domain and frequency-domain behavior 
of higher order systems. In this section, we discuss these low-order systems in detail for 
continuous time. In Section 6.6, we examine their discrete-time counterparts. 


6.5.1 First-Order Continuous-Time Systems 
The differential equation for a first-order system is often expressed in the form 


dy(t) 
аы + = ў 4 $ 
Ti UM x(t) (6.21) 
where the coefficient т is a positive number whose significance will be made clear 
shortly. The corresponding frequency response for the first-order system is 


H(jw) = (6.22) 


jor +1' 
and the impulse response is 


h(t) = te u(t), (6.23) 


which is sketched in Figure 6.19(a). The step response of the system is 
s(t) = A(t) * u(t) = [1 — e ""]u(t). (6.24) 


This is sketched in Figure 6.19(b). The parameter 7 is the time constant of the system, and 
it controls the rate at which the first-order system responds. For example, as illustrated in 
Figure 6.19, at = т the impulse response has reached 1/е times its value at т = 0, and 
the step response is within 1/е of its final value. Therefore, as т is decreased, the impulse 
response decays more sharply, and the rise time of the step response becomes shorter— i.e., 
it rises more sharply toward its final value. Note also that the step response of a first-order 
system does not exhibit any ringing. 

Figure 6.20 depicts the Bode plot of the frequency response of eq. (6.22). In this 
figure we illustrate one of the advantages of using a logarithmic frequency scale: We can, 
without too much difficulty, obtain a useful approximate Bode plot for a continuous-time 
first-order system. To see this, let us first examine the plot of the log magnitude of the 
frequency response. Specifically, from eq. (6.22), we obtain 


20 logy) |H(jw)| = —10 log, [(wt)? + 1]. (6.25) 


From this, we see that for от < 1, the log magnitude is approximately zero, while for 
wt > 1, the log magnitude is approximately a linear function of log;o(c). That is, 


20log,)|H(jw)|~0 for w <« Ит, (6.26) 


20 logso |Н(јш)| 
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т t Figure 6.19  Continuous-time first- 
order system: (a) impulse response; 
(b) (b) step response. 
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and 


20 log) |H(jw)| = —20log,o(w7) 


(6.27) 
= —201log;g(v) —201log,og(7) for w > 1/т. 


In other words, for the first-order system, the low- and high-frequency asymptotes of the 
log magnitude are straight lines. The low-frequency asymptote [given by eq. (6.26)] is just 
the 0-dB line, while the high-frequency asymptote [specified by eq. (6.27)] corresponds to 
a decrease of 20 dB in |H(jw)| for every decade (i.e., factor of 10) in w. This is sometimes 
referred to as a "20-dB-per-decade" asymptote. 

Note that the two asymptotic approximations given in eqs. (6.26) and (6.27) are equal 
at the point log,)(w) = — log;o(7), or equivalently, w = 1/7. Interpreted graphically, this 
means that the two straight-line asymptotes meet at w = 1/7, which suggests a straight- 
line approximation to the magnitude plot. That is, our approximation to 20100, |H(jw)| 
equals 0 for w = 1/7 and is given by eq. (6.27) for w = 1/7. This approximation is also 
sketched (as a dashed line) in Figure 6.20. The point at which the slope of the approxima- 
tion changes is precisely w = 1/7, which, for this reason, is often referred to as the break 
frequency. Also, note that at ш = 1/т the two terms [(от)> and 1] in the argument of the 
logarithm in eq. (6.25) are equal. Thus, at this point, the actual value of the magnitude is 


201020 





a(iz) = —10log,9(2) = —3 dB. (6.28) 


Because of this, the point о = 1/т is sometimes called the 3-dB point. From the figure, 
we see that only near the break frequency is there any significant error in the straight-line 
approximate Bode plot. Thus, if we wish to obtain a more accurate sketch of the Bode plot, 
we need only modify the approximation near the break frequency. 

It is also possible to obtain a useful straight-line approximation to XH( jo): 


XH(jo) = — tan”! (wT) 


0, w = 0.1/т (6.29) 
= 4 —(ml/A)[logig(e7) + 1, 0.1/т = о < 10/т. 
—т!2, w > 10/r 


Note that this approximation decreases linearly (from 0 to — 7/2) as a function of log)9(w) 
in the range 


= 0 = — 
T 


0.1 10 
T », 

i.e., in the range from one decade below the break frequency to one decade above the break 

frequency. Also, zero is the correct asymptotic value of £H(jw) for ш < 1/r, and — 7/2 

is the correct asymptotic value of XH(jw) for w >> 1/7. Furthermore, the approximation 

agrees with the actual value of 4:H( jo) at the break frequency w = 1/7, at which point 


Si o а 


This asymptotic approximation is also plotted in Figure 6.20, and from it we can see how, 
if desired, we can modify the straight-line approximation to obtain a more accurate sketch 
of X H(jo). 


Chapter 6 Time and Frequency Characterization of Signals and Systems 451 


From this first-order system, we can again see the inverse relationship between time 
and frequency. As we make т smaller, we speed up the time response of the system [i.e., 
h(t) becomes more compressed toward the origin, and the rise time of the step response 
is reduced] and we simultaneously make the break frequency large [i.e., H( jw) becomes 
broader, since |H(jw)| == 1 for a larger range of frequencies]. This can also be seen by 
multiplying the impulse response by т and observing the relationship between rh(t) and 
H(jo): 


= pout ; = 
тһ(ї) =e “"u(t), H(jo) jor Fi TT 
Thus, 7 (t) is a function of t/t and H( jo) is a function of от, and from this we see that 
changing т is essentially equivalent to a scaling in time and frequency. 


6.5.2 Second-Order Continuous-Time Systems 


The linear constant-coefficient differential equation for a second-order system is 


d*y(t) dy(t) 
dt? dt 


Equations of this type arise in many physical systems, including RLC circuits and me- 
chanical systems, such as the one illustrated in Figure 6.21, composed of a spring, a mass, 
and a viscous damper or dashpot. In the figure, the input is the applied force x(t) and the 
output is the displacement of the mass y(t) from some equilibrium position at which the 
spring exerts no restoring force. The equation of motion for this system is 





+ 2£05 + e y(t) = «7? x(t). (6.31) 








d’ y(t) dy(t) 
т = X0- ky) – b— 
or 
dyt) (b\dy(t) [k |] 
а? (>) dt (к = n 


Comparing this to eq. (6.31), we see that if we identify 


On = Ed (6.32) 
m 


and 


= y(t) (displacement) 


x(t) (applied force) Figure 6.21 Second-order system 
consisting of a spring and dashpot 
attached to a moveable mass and a 
fixed support. 
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then [except for a scale factor of 1/k оп x(t)] the equation of motion for the system of 
Figure 6.21 reduces to eq. (6.31). 
The frequency response for the second-order system of eq. (6.31) is 


2 
On 


HO) = oe + Boke od 


(6.33) 


The denominator of H( jw) can be factored to yield 





ai? 
H(jo) = 2 | 
vo а) уш = с) 
where 
23 8 [r2 — 
С] Cwn + Wn Ё 1, (6.34) 


c) = —б=„һ— OnV C? — 1. 


For ¢ # 1, c, and c? are unequal, and we can perform a partial-fraction expansion of the 
form 


M M 








H(jo) = е = wg (6.35) 
where 
М = T (6.36) 
From eq. (6.35), the corresponding impulse response for the system is 
h(t) = M[e" — e?']u(t). (6.37) 
И{ = 1, then cy = c; = —o,, and 
H(jw) = dou (6.38) 
From Table 4.2, we find that in this сазе the impulse response is 
h(t) = өне ^" u(t). (6.39) 


Note from eqs. (6.37) and (6.39), that A(r)/w, is a function of w,,t. Furthermore, 
eq. (6.33) can be rewritten as 


1 
(jolo? + 2¢ (jølwn) + 1 





H(jw) = 


from which we see that the frequency response is a function of w/w,,. Thus, changing wn 
is essentially identical to a time and frequency scaling. 

The parameter Z is referred to as the damping ratio and the parameter wpn as the 
undamped natural frequency. The motivation for this terminology becomes clear when 


h(t)/w,, 


s(t) 
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we take a more detailed look at the impulse response and the step response of a second- 
order system. First, from eq. (6.35), we see that for 0 < ¢ < 1, cı and с; are complex, and 
we can rewrite the impulse response in eq. (6.37) in the form 


wpe Sent 


— ———À expli, 
2j JA - g 


- NL - Dno. 


Thus, for 0 < Z « 1, the second-order system has an impulse response that has 
damped oscillatory behavior, and in this case the system is referred to as being under- 
damped. If > 1, both c, and c» are real and negative, and the impulse response is the 
difference between two decaying exponentials. In this case, the system is overdamped. The 
case of Z = 1, when су = cz, is called the critically damped case. The impulse responses 
(multiplied by 1/w,,) for second-order systems with different values of Z are plotted in 
Figure 6.22(a). 


h(t) = J 1 — £2)t] — exp[—j(@nv1 — 22) иб) 


(6.40) 





Figure 6.22 Response of continu- 
ous-time second-order systems with 
different values of the damping 

ratio Z: (a) impulse response; 

(b) (b) step response. 
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The step response of a second-order system can be calculated from eq. (6.37) for 
С # 1. This yields the expression 





ey см 
s(t) = h(t) * u(t) = fi +M B =£ | u(t). (6.41) 


С| с? 
For = 1, we can use eq. (6.39) to obtain 
s(t) = [1 —e 27 — ое 2 Jute). (6.42) 


The step response of a second-order system is plotted in Figure 6.22(b) for several values 
of 4. From this figure, we see that in the underdamped case, the step response exhibits 
both overshoot (i.e., the step response exceeds its final value) and ringing (i.e., oscillatory 
behavior). For = 1, the step response has the fastest response (i.e., the shortest rise time) 
that is possible without overshoot and thus has the shortest settling time. As Z increases 
beyond 1, the response becomes slower. This can be seen from eqs. (6.34) and (6.41). As Z 
increases, c; becomes smaller in magnitude, while cz increases in magnitude. Therefore, 
although the time constant (1/|c2|) associated with e^ decreases, the time constant (1/|c;|) 
associated with e^'' increases. Consequently the term involving e*'' in eq. (6.41) takes а 
longer time to decay to zero, and thus it is the time constant associated with this term that 
determines the settling time of the step response. As a result the step response takes longer 
to settle for large values of Z. In terms of our spring-dashpot example, as we increase the 
magnitude of the damping coefficient b beyond the critical value at which Z in eq. (6.33) 
equals 1, the motion of the mass becomes increasingly sluggish. 

Finally, note that, as we have said, the value of w, essentially controls the time scale 
of the responses A(t) and s(t). For example, in the underdamped case, the larger wp is, the 
more compressed is the impulse response as a function of t, and the higher is the frequency 
of the oscillations or ringing in both A(t) and s(t). In fact, from eq. (6.40), we see that 
the frequency of the oscillations in A(t) and s(t) is wn /1 — Z?, which does increase with 
increasing wn. Note, however, that this frequency depends explicitly on the damping ratio 
and does not equal (and is in fact smaller than) wn, except in the undamped case, £ = 0. 
(It is for this reason that the parameter c, is traditionally referred to as the undamped 
natural frequency.) For the spring-dashpot example, we therefore conclude that the rate of 
oscillation of the mass equals «, when no dashpot is present, and the oscillation frequency 
decreases when we include the dashpot. 

In Figure 6.23, we have depicted the Bode plot of the frequency response given in 
eq. (6.33) for several values of . As in the first-order case, the logarithmic frequency scale 
leads to linear high- and low-frequency asymptotes for the log rnagnitude. Specifically, 
from eq. (6.33), 


FP 2 


From this expression, it follows that 


Wlog |H(jw)| = | 0 for w < wn (6.44) 


—401og;o€ + 401060, fore > w,' 
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Figure 6.23 Bode plots for second-order systems with several different 
values of damping ratio Z. 


Therefore, the low-frequency asymptote of the log magnitude is the 0-dB line, while the 
high-frequency asymptote [given by eq. (6.44)] has a slope of —40 dB per decade; i.e., 
|H(jw)| decreases by 40 dB for every increase in w of a factor of 10. Also, note that the 
two straight-line asymptotes meet at the point w = w,. Thus, we obtain a straight-line 
approximation to the log magnitude by using the approximation given in eq. (6.44) for 
w = wpn. For this reason, wp is referred to as the break frequency of the second-order 
system. This approximation is also plotted (as a dashed line) in Figure 6.23. 

We can, in addition, obtain a straight-line approximation to <H(jw), whose exact 
expression can be obtained from eq. (6.33): 


lwn 
XH(jw) = — tan`! равы. (6.45) 
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The approximation is 


0, w = 0.10, 
XH(jo) = -z ene (2)* i), 0.10, = о = 10o,, (6.46) 
T, w = 100, 


which is also plotted in Figure 6.23. Note that the approximation and the actual value again 
are equal at the break frequency o = wpn, where 


Ў т 
LH (jon) = 2 

It is important to observe that the asymptotic approximations, eqs. (6.44) and (6.46), 
we have obtained for a second-order system do not depend on Z, while the actual plots of 
|H(jw)| and <H(jw) certainly do, and thus, to obtain an accurate sketch, especially near 
the break frequency w = wn, we must take this into account by modifying the approxi- 
mations to conform more closely to the actual plots. The discrepancy is most pronounced 
for small values of Z. In particular, note that in this case the actual log magnitude has a 
peak around w = о. In fact, straightforward calculations using eq. (6.43) show that, for 
{ < ,/2/2 = 0.707, |H(jw)| has a maximum value at 


Wmax = Gg l — 277, (6.47) 


and the value at this maximum point is 


1 
[H Cj) max)| == VÀ 
244/1 — 2 


For ё > 0.707, however, H( јо) decreases monotonically as w increases from zero. The 
fact that H( jo) can have a peak is extremely important in the design of frequency-selective 
filters and amplifiers. In some applications, one may want to design such a circuit so 
that it has a sharp peak in the magnitude of its frequency response at some specified 
frequency, thereby providing large frequency-selective amplification for sinusoids at fre- 
quencies within a narrow band. The quality Q of such a circuit is defined to be a measure 
of the sharpness of the peak. For a second-order circuit described by an equation of the 
form of eq. (6.31), the quality is usually taken to be 


1 
Q = 2" 
and from Figure 6.23 and eq. (6.48), we see that this definition has the proper behavior: 
The less damping there is in the system, the sharper is the peak in |H(jw)|. 


(6.48) 


6.5.3 Bode Plots for Rational Frequency Responses 


At the start of this section, we indicated that first- and second-order systems can be used 
as basic building blocks for more complex LTI systems with rational frequency responses. 
One consequence of this is that the Bode plots presented here essentially provide us with 
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all of the information we need to construct Bode plots for arbitrary rational frequency 
responses. Specifically, we have described the Bode plots for the frequency responses 
given by eqs. (6.22) and (6.33). In addition, we can readily obtain the Bode plots for 
frequency responses of the forms 

H(jo) = 1+ јот (6.49) 
and 


є а 2 
H(jw) = 1+ ui. (=) (6.50) 


Øn 


The Bode plots for eqs. (6.49) aad (6.50) follow directly from Figures 6.20 and 6.23 and 
from the fact that 


20 log) |H(jw)| = — 20 log, 9 P 
and 
X(H(jw)) = -x no) 
H(jw) 
Also, consider a system function that is a constant gain 


H(jw) = K. 
Since K = |K|e/? if K > 0 and K = |K]e/" if K < 0, we see that 
20 logio |H(jw)| = 20 log io |K| 


0 ifk>0 


Seule P ifK «0 


Since a rational frequency response can be factored into the product of a constant gain and 
first- and second-order terms, its Bode plot can be obtained by summing the plots for each 
of the terms. We illustrate further the construction of Bode plots in the next two examples. 
Example 6.4 
Let us obtain the Bode plot for the frequency response 


ИИ 2 x 104 
Но) = noy + 100 jw + 10" 
i -. First, we note that 

H(jw) = 2H (jw), 


= where A( jw) has the same form as the standard second-order frequency response spec- 
"m ified by eq. (6.33). It follows that 


20 log,, |H(jw)| = 20 log,, 2 + 201og |A( jo). 
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By comparing A(jw) with the frequency response in eq. (6.33), we conclude that о, = 
100 and ¢ = 1/2 for H(jw). Using eq. (6.44), we may now specify the asymptotes for 
20 logo |A (jo)]: 


20logp |A(jw)|~0 forw << 100, 
and 
2010 |H(jw)| = —40log,,@ + 80 {ог > 100. 


It follows that 20log,)|H(jw)| will have the same asymptotes, except for a constant 
offset at all frequencies due to the addition of the 20log,)2 term (which approxi- 
mately equals 6 dB). The dashed lines in Figure 6.24(a) represent these asymptotes. 


OdB 


20 logy, |Н(јо)| 





Figure 6.24 Bode plot for system function in Example 6.4: (a) magnitude; 
(b) phase. 
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The solid curve in the same figure represents the actual computer-generated Bode 
plot for 201og,, |H(jw)|. Since the value of ¢ for H(jw) is less than J2/2, the actual 
Bode plot has a slight peak near w = 100. 

To obtain a plot of Н (јо), we note that 


XH(jo) = «H(jo) 


and that «Н (jæ) has its asymptotes specified in accordance with eq. (6.46); that is, 


0, w = 10 
XH(jo) = 4 —(m/2)[logo(0/100) + 1], 10 = w = 1,000. 
—T, w = 1,000. 


The asymptotes and the actual values for Н (јо) are plotted with dashed and solid 
lines, respectively, in Figure 6.24(b). 


Example 6.5 


Consider the frequency response 


20 100(1 + jo) 
Ho) = түү өй + joy 


To obtain the Bode plot for H( jw), we rewrite it in the following factored form: 


_,_(1 1 1 — 
ноо) = (ro (riso rano + J 


Here, the first factor is a constant, the next two factors have the standard form for a first- 
order frequency response as specified in eq. (6.22), and the fourth factor is the reciprocal 
of the same first-order standard form. The Bode plot for 2010р, |H(jw)| is therefore the 
sum of the Bode plots corresponding to each of the factors. Furthermore, the asymptotes 
corresponding to each factor may be summed to obtain the asymptotes for the overall 
Bode plot. These asymptotes and the actual values of 20log,, |H(jw)| are displayed in 
Figure 6.25(a). Note that the constant factor of 1/10 accounts for an offset of —20 dB at 
each frequency. The break frequency at  — 1 corresponds to the (1 + jw) factor, which 
produces the 20 dB/decade rise that starts at ш = 1 and is canceled by the 20 dB/decade 
decay that starts at the break frequency atw = 10 and is due to the 1/(1 + jw/10) factor. 
Finally, the 1/(1 + jw/100) factor contributes another break frequency at w = 100 and 
a subsequent decay at the rate of 20 dB/decade. 

Similarly we can construct the asymptotic approximation for the phase H(jw) 
from the individual asymptotes for each factor, as illustrated, together with a plot of 
the exact value of the phase, in Figure 6.25(b). In particular, the constant factor 1/10 
contributes 0 to the phase, while the factor (1+ jw) contributes an asymptotic approxi- 
mation that is 0 for w < 0.1, and rises linearly as a function of log,9(w) from a value of 
zero at w = 0.1 to a value of 7/2 radians at о = 10. However, this rise is canceled at 
@ =1 by the asymptotic approximation for the angle of 1/(1 + jw/10) which contributes 

. a linear de crease in angle of 1/2 radians over the range of frequencies from w = 1 to 
w —100. Finally, the asymptotic approximation for the angle of 1/(1 + j«/100) contri- 
butes an other linear decrease in angle of 7/2 radians over the range of frequencies from 
w = 10 tow = 1000. 


460 Signals and Systems, Second Edition 





0.1 1 10 100 1000 





—т/2 
0.1 1 10 100 1000 


Figure 6.25 Bode plot for system function in Example 6.5: (a) magnitude; 
(b) phase. 


In our discussion of first-order systems in this section, we restricted our atten- 
tion to values of r > 0. In fact, it is not difficult to check that if 7 < 0, then the 
causal first-order system described by eq. (6.21) has an impulse response that is not 
absolutely integrable, and consequently, the system is unstable. Similarly, in analyzing 
the second-order causal system in eq. (6.31), we required that both £ and w2 be pos- 
itive numbers. If either of these is not positive, the resulting impulse response is not 
absolutely integrable. Thus, in this section we have restricted attention to those causal 
first- and second-order systems that are stable and for which we can define frequency 
responses. 
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6.6 FIRST-ORDER AND SECOND-ORDER DISCRETE-TIME SYSTEMS 


In this section, we examine the properties of first- and second-order discrete-time LTI 
systems, paralleling the development in the preceding section. As in continuous time, any 
system with a frequency response that is a ratio of polynomials in e^ /"—i.e., any discrete- 
time LTI system described by a linear constant-coefficient difference equation—can be 
written as a product or sum of first- and second-order systems, implying that these ba- 
sic systems are of considerable value in both implementing and analyzing more complex 
systems. (See, for example, Problem 6.45.) 


6.6.1 First-Order Discrete-Time Systems 


Consider the first-order causal LTI system described by the difference equation 
y[n] — ay[n — 1] = x[n], (6.51) 
with |a| — 1. From Example 5.18, the frequency response of this system is 


1 


Hisl") a nm, (6.52) 
] —ae J^ 

and its impulse response is 
Ап] = a"u[n], (6.53) 
which is illustrated in Figure 6.26 for several values of a. Also, the step response of the 

system is 
fes а"! 

s[n] = h[n] * u[n] = ГЕ и[п], (6.54) 


which is illustrated in Figure 6.27. 

The magnitude of the parameter a plays a role similar to that of the time constant 
т in the continuous-time first-order system. Specifically, |а| determines the rate at which 
the first-order system responds. For example, from eqs. (6.53) and (6.54) and Figures 6.26 
and 6.27, we see that А[л] and s[n] converge to their final value at the rate at which |а|" 
converges to zero. Therefore, the impulse response decays sharply and the step response 
settles quickly for |а| small. For |a| nearer to 1, these responses are slower. Note that unlike 
its continuous-time counterpart, the first-order system described by eq. (6.51) can display 
oscillatory behavior. This occurs when a < 0, in which case the step response exhibits 
both overshoot of its final value and ringing. 

The magnitude and phase of the frequency response of the first-order system in 
eq. (6.51) are, respectively, 


1 


ШӘ om S S 
IH (e^ (1 + а? — 2acosw)!/2 


(6.55) 
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Figure 6.27 Step response s[n] of a first-order system: (a) а = +1/4; (b) a = 
+1/2; (с) a = +3/4; (d) a = +7/8. 


and 


ФН(еі°) = —tan^! (6.56) 


asinw 
1— acoso | 


In Figure 6.28(a), we have plotted the log magnitude and the phase of the frequency 
response in eq. (6.52) for several values of a > 0. The case of a « 0 is illustrated in 
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Figure 6.28(b). From these figures, we see that for a > 0, the system attenuates high 
frequencies [i.e., |H(e/”)| is smaller for w near + than it is for о near 0], while when 
a < 0, the system amplifies high frequencies and attenuates low frequencies. Note also 
that for |a| small, the maximum and minimum values, 1/(1 + a) and 1/(1 — a), of |H(eJ)| 
are close together in value, and the graph of |H (е/°)| is relatively flat. On the other hand, for 
|а| near 1, these quantities differ significantly, and consequently |H(e/”)| is more sharply 
peaked, providing filtering and amplification that is more selective over a narrow band of 
frequencies. 


20 logis [H(e!")| 





217 





x H(ei") 7 





Figure 6.28 Magnitude and phase of the frequency response of eq. (6.52) 
for a first-order system: (a) plots for several values of a > 0; (b) plots for 
several values of a < 0. 
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Figure 6.28 Continued 


6.6.2 Second-Order Discrete-Time Systems 
Consider next the second-order causal LTI system described by 
y[n] — 2rcos8y[n — 1] + P? y[n — 2] = x[n], (6.57) 


with 0 <r < 1 and 0 = @ = т. The frequency response for this system is 
1 





joy = 
Pie" d 1 — 2rcos@e—J® + r2e- j2»* oe) 

The denominator of H(e/“) can be factored to obtain 
H(e!”) = 1 (6.59) 
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For 0 = 0 or т, the two factors in the denominator of H (e/^) are different, and a partial- 
fraction expansion yields 


A B 











surge 1 — (rej? jeie Ы 1 — (re-J®)e- Je’ (6:60) 
where 
eJ? eJ? 
^ 3jsm&' P -2jsim8: THAM 
In this case, the impulse response of the system is 
hin] = [А(ге®)" + B(re 19)" Jun] 
_ sinon DO] ip, (6.62) 


sin 0 
For0 = Oor r, the two factors in the denominator of eq. (6.58) are the same. When 6 = 0, 
1 


Н(е?°) = aoa (6.63) 
and 
Щип] = (n + 1)r"u[n]. (6.64) 
When Ө = т, 
; 1 
Н(е!°) = U Fre iof (6.65) 
and 
h[n] = (n + 1)(—)”и[л]. (6.66) 


The impulse responses for second-order systems are plotted in Figure 6.29 for a range 
of values of r and Ө. From this figure and from eq. (6.62), we see that the rate of decay of 
h[n] is controlled by r—i.e., the closer r is to 1, the slower is the decay in h[n]. Similarly, 
the value of 0 determines the frequency of oscillation. For example, with Ө = O there is 
no oscillation in А[и], while for 0 = т the oscillations are rapid. The effect of different 
values of г and 6 can also be seen by examining the step response of eq. (6.57). For 0 # 0 


Or 7, 
Um іӨ\п+1 = = /0үп+1 
s[n] = hfn] * u[n] = [ (enm). a[ ме) Jem (6.67) 
— ге! 


1 1 = гет} 








Also, using the result of Problem 2.52, we find that for Ө = 0, 











1 r = r n 
s[n] = lc = Г? = @ = i" + =" + Dr [um (6.68) 
while for 0 = т, 
1= [x (и La j [n] 6.69) 
“е (ЇЗ (e 7^ “ке. үте ш 


The step response is plotted in Figure 6.30, again for a range of values of r and Ө. 
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Figure 6.29 Impulse response of the second-order system of eq. (6.57) for a range 
of values of г and Ө. 


The second-order system given by eq. (6.57) is the counterpart of the underdamped 
second-order system in continuous time, while the special case of Ө = 0 is the critically 
damped case. That is, for any value of 0 other than zero, the impulse response has a damped 
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* Note: The plot for г=3 , 9=0 has a different scale from the others. 


Figure 6.30 Step response of the second-order system of eq. (6.57) for a range of 
values of r and Ө. 
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oscillatory behavior, and the step response exhibits ringing and overshoot. The frequency 
response of this system is depicted in Figure 6.31 for a number of values of r and Ө. From 
Figure 6.31, we see that a band of frequencies is amplified , and r determines how sharply 
peaked the frequency response is within this band. 

As we have just seen, the second-order system described in eq. (6.59) has factors 
with complex coefficients (unless Ө = 0 or 7). It is also possible to consider second-order 
systems having factors with real coefficients. Specifically, consider 


1 
(1 — dieel — doe-je) 


where d, and d; are both real numbers with |4, |, |d;| < 1. Equation (6.70) is the frequency 
response for the difference equation 


Н(е?®) = 





(6.70) 


20 109.0 |Н(е!”)| 





X Н(е/°) 





(a) 


Figure 6.31 Magnitude and phase of the frequency response of the 
second-order system of eq. (6.57): (а) @ = 0; (b) Ө = 7/4; (c) Ө = 712; 
(d) Ө = 32/4; (е) Ө = т. Each plot contains curves corresponding to 

r = 1/4, 1/2, and 3/4. 
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Figure 6.31 Continued 


y[n] — (di  d5)y[n — 1]  did»y[n — 2] = x[n]. 


In this case, 





А А В 
Ж, l= die te " 1 — d5e-je' 
where 
dı d» 
А = Е = š 
di — d; i d; — di 
Thus, 


h[n] = [Ad? + Bd®Ju{n], 


(6.71) 


(6.72) 


(6.73) 


(6.74) 
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Figure 6.31 Continued 


which is the sum of two decaying real exponentials. Also, 


| [La - art 1 — dr 
s[n] = |. Ca} (a u[n|. (6.75) 


The system with frequency response given by eq. (6.70) corresponds to the cascade 
of two first-order systems. Therefore, we can deduce most of its properties from our un- 
derstanding of the first-order case. For example, the log-magnitude and phase plots for eq. 
(6.70) can be obtained by adding together the plots for each of the two first-order terms. 
Also, as we saw for first-order systems, the response of the system is fast if |4, | and |d>| 
are small, but the system has a long settling time if either of these magnitudes is near 1. 
Furthermore, if dı and d; are negative, the response is oscillatory. The case when both d, 
and d; are positive is the counterpart of the overdamped case in continuous time, with the 
impulse and step responses settling without oscillation. 
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Figure 6.31 Continued 


In this section, we have restricted attention to those causal first- and second-order 
systems that are stable and for which the frequency response can be defined. In particular, 
the causal system described by eq. (6.51) is unstable for| a | 2 1. Also, the causal system 
described by eq. (6.56) is unstable ifr = 1, and that described by eq. (6.71) is unstable 
if either | dı | or | dz | exceeds 1. 


6.7 EXAMPLES OF TIME- AND FREQUENCY-DOMAIN ANALYSIS OF SYSTEMS 


Throughout this chapter, we have illustrated the importance of viewing systems in both the 
time domain and the frequency domain and the importance of being aware of trade-offs in 
the behavior between the two domains. In this section, we illustrate some of these issues 
further. In Section 6.7.1, we discuss these trade-offs for continuous time in the context 
of an automobile suspension system. In Section 6.7.2, we discuss an important class of 
discrete-time filters referred to as moving-average or nonrecursive systems. 
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Figure 6.31 Continued 


6.7.1 Analysis of an Automobile Suspension System 


A number of the points that we have made concerning the characteristics and trade-offs 
in continuous-time systems can be illustrated in the interpretation of an automobile sus- 
pension system as a lowpass filter. Figure 6.32 shows a diagrammatic representation of a 
simple suspension system comprised of a spring and dashpot (shock absorber). The road 
surface can be thought of as a superposition of rapid small-amplitude changes in elevation 
(high frequencies), representing the roughness of the road surface, and gradual changes 
in elevation (low frequencies) due to the general topography. The automobile suspension 
system is generally intended to filter out rapid variations in the ride caused by the road 
surface (i.e., the system acts as a lowpass filter). 

The basic purpose of the suspension system is to provide a smooth ride, and there is 
no sharp, natural division between the frequencies to be passed and those to be rejected. 
Thus, it is reasonable to accept and, in fact, prefer a lowpass filter that has a gradual 
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Figure 6.32 Diagrammatic representation of an automotive suspension 
system. Here, y; represents the distance between the chassis arid the road 
surface when the automobile is at rest, y(t) + Yo the position of the chassis 
above the reference elevation, and x(t) the elevation of the road above the 
reference elevation. 


transition from passband to stopband. Furthermore, the time-domain characteristics of the 
system are important. If the impulse response or step response of the suspension system 
exhibits ringing, then a large bump in the road (modeled as an impulse input) or a curb 
(modeled as a step input) will result in an uncomfortable oscillatory response. In fact, a 
common test for a suspension system is to introduce an excitation by depressing and then 
releasing the chassis. If the response exhibits ringing, it is an indication that the shock 
absorbers need to be replaced. 

Cost and ease of implementation also play an important rcle in the design of au- 
tomobile suspension systems. Many studies have been carried out to determine the most 
desirable frequency-response characteristics for suspension systems from the point of view 
of passenger comfort. In situations where the cost may be warranted, such as for passenger 
railway cars, intricate and costly suspension systems are used. For the automotive indus- 
try, cost is an important factor, and simple, less costly suspension systems are generally 
used. A typical automotive suspension system consists simply of the chassis connected to 
the wheels through a spring and a dashpot. 

In the diagrammatic representation in Figure 6.32, уу represents the distance be- 
tween the chassis and the road surface when the automobile is at rest, y(t) + yo the position 
of the chassis above the reference elevation, and x(t) the elevation of the road above the 
reference elevation. The differential equation governing the motion of the chassis is then 

2 d 
D po) + ky(t) = kx(t) + p 
where M is the mass of the chassis and К and b are the spring and shock absorber constants, 
respectively. The frequency response of the system is 


К t bjw 
(jo? M + b(jo) + k 


M 





(6.76) 





H(jo) — 





or 


w? + 260 „(јо) 
(jw)? + 2f@,( jw) + w? 





H(jw) = (6.77) 
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| k b 
On = M and 2£o, = M 


As in Section 6.5.2, the parameter wp is referred to as the undamped natural frequency and 
С as the damping ratio. A Bode plot of the log magnitude of the frequency response in eq. 
(6.77) can be constructed by using first-order and second-order Bode plots. The Bode plot 
for eq. (6.77) is sketched in Figure 6.33 for several different values of the damping ratio. 
Figure 6.34 illustrates the step response for several different values of the damping ratio. 
As we saw in Section 6.5.2, the filter cutoff frequency is controlled primarily through 
wn, or equivalently for a chassis with a fixed mass, by an appropriate choice of spring 
constant k. For a given w,,, the damping ratio is then adjusted through the damping factor b 
associated with the shock asorbers. As the natural frequency w,, is decreased, the suspen- 
sion will tend to filter out slower road variations, thus providing a smoother ride. On the 
other hand, we see from Figure 6.34 that the rise time of the system increases, and thus the 
system will feel more sluggish. On the one hand, it would be desirable to keep wn small to 
improve the lowpass filtering; on the other hand, it would be desirable to have «, large for 
arapid time response. These, of course, are conflicting requirements and illustrate the need 
for a trade-off between time-domain and frequency-domain characteristics. Typically, a 
suspension system with a low value of «;, so that the rise time is long, is characterized 
as "soft" and one with a high value of о, so that the rise time is short, is characterized as 
“hard.” From Figures 6.33 and 6.34, we observe also that, as the damping ratio decreases, 
the frequency response of the system cuts off more sharply, but the overshoot and ring- 
ing in the step response tend to increase, another trade-off between the time and frequency 


where 





20 

2 оав 
= 
o 
о 
© 
e 
сч 

—20 

—40 

(n 10, 
Frequency 


Figure 6.33 Bode plot for the magnitude of the frequency response of the 
automobile suspension system for several values of the damping ratio. 
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Figure 6.34 Step response of the automotive suspension system for vari- 
ous values of the damping ratio (¢ = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 
1.0, 1.2, 1.5, 2.0, 5.0). 


domains. Generally, the shock absorber damping is chosen to have a rapid rise time and 
yet avoid overshoot and ringing. This choice corresponds to the critically damped case, 
with ё = 1.0, considered in Section 6.5.2. 


6.7.2 Examples of Discrete-Time Nonrecursive Filters 


In Section 3.11, we introduced the two basic classes of LTI filters described by difference 
equations, namely, recursive or infinite impulse response (IIR) filters and nonrecursive or 
finite impulse response (FIR) filters. Both of these classes of filters are of considerable 
importance in practice and have their own advantages and disadvantages. For example, 
recursive filters implemented as interconnections of the first- and second-order systems 
described in Section 6.6 provide a flexible class of filters that can be easily and efficiently 
implemented and whose characteristics can be adjusted by varying the number and the 
parameters of each of the component first- and second-order subsystems. On the other 
hand, as shown in Problem 6.64, it is not possible to design a causal, recursive filter with 
exactly linear phase, a property that we have seen is often desirable since, in that case, the 
effect of the phase on the output signal is a simple time delay. In contrast, as we show in this 
section, nonrecursive filters can have exactly linear phase. However, it is generally true that 
the same filter specifications require a higher order equation and hence more coefficients 
and delays when implemented with a nonrecursive equation, compared with a recursive 
difference equation. Consequently, for FIR filters, one of the principal trade-offs between 
the time and frequency domains is that increasing the flexibility in specifying the frequency 
domain characteristics of the filter, including, for example, achieving a higher degree of 
frequency selectivity, requires an FIR filter with an impulse response of longer duration. 
One of the most basic nonrecursive filters, introduced in Section 3.11.2, is the 
moving-average filter. For this class of filters, the output is the average of the values of 
the input over a finite window: 
M 
=, x[n — k]. (6.78) 


--N 
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The corresponding impulse response is a rectangular pulse, and the frequency response is 


gie -My2] sin[w(M + N + 1)/2] 


| 1 
ИЖ: ы з ze ed 
Me у= sin(w/2) 


(6.79) 





In Figure 6.35, we show the log magnitude for M +N +1 = 33 andM+N+1 = 65. The 
main, center lobe of each of these frequency responses corresponds to the effective pass- 
band of the corresponding filter. Note that, as the impulse response increases in length, the 
width of the main lobe of the magnitude of the frequency response decreases. This provides 
another example of the trade-off between the time and frequency domains. Specifically, 
in order to have a narrower passband, the filter in eqs. (6.78) and (6.79) must have a 
longer impulse response. Since the length of the impulse response of an FIR filter has a 
direct impact on the complexity of its implementation, this implies a trade-off between 
frequency selectivity and the complexity of the filter, a topic of central concern in filter 
design. 

Moving-average filters are commonly applied in economic analysis in order to at- 
tenuate the short-term fluctuations in a variety of economic indicators in relation to longer 
term trends. In Figure 6.36, we illustrate the use of a moving-average filter of the form of 
eq. (6.78) on the weekly Dow Jones stock market index for a 10-year period. The weekly 
Dow Jones index is shown in Figure 6.36(a). Figure 6.36(b) is a 51-day moving aver- 
age (1.е., N = M = 25) applied to that index, and Figure 6.36(c) is a 201-day moving 
average (i.e., N = М = 100) applied to the index. Both moving averages are considered 
useful, with the 51-day average tracking cyclical (i.e., periodic) trends that occur during 
the course of the year and the 201-day average primarily emphasizing trends over a longer 
time frame. 

The more general form of a discrete-time nonrecursive filter is 


M 


yin] = У bix[n — k], (6.80) 


k--N 


so that the output of this filter can be thought of as a weighted average of N + M + 1 
neighboring points. The simple moving-average filter in eq. (6.73) then corresponds to 
setting all of these weights to the same value, namely, 1/(N + M + 1). However, by choosing 
these coefficients in other ways, we have considerable flexibility in adjusting the filter's 
frequency response. 

There are, in fact, a variety of techniques available for choosing the coefficients in 
eq. (6.80) so as to meet certain specifications on the filter, such as sharpening the transition 
band as much as possible for a filter of a given length (i.e., for N+M+1 fixed). These pro- 
cedures are discussed in detail in a number of texts,? and although we do not discuss the 
procedures here, it is worth emphasizing that they rely heavily on the basic concepts and 
tools developed in this book. To illustrate how adjustment of the coefficients can influence 


3See, for example, R. W. Hamming, Digital Filters, 3rd ed. (Englewood Cliffs, NJ: Prentice-Hall, Inc., 
1989); A. V. Oppenheim and R. W. Schafer, Discrete-Time Signal Processing (Englewood Cliffs, NJ: Prentice- 
Hall, Inc., 1989); and L. R. Rabiner and B. Gold, Theory and Application of Digital Signal Processing (Engle- 
wood Cliffs, NJ: Prentice-Hall, Inc., 1975). 
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Figure 6.35 Log-magnitude plots for the moving-average filter of eqs. 
(6.78) and (6.79) for (a) M + N +1 = 33 and (b) M+N+1 = 65. 


the response of the filter, let us consider a filter of the form of eq. (6.80), with № = M = 16 
and the filter coefficients chosen to be 


sin(27rk/33) 
b=] up c 10 = 32. (6.81) 


0, || > 32 
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Figure 6.36 Effect of lowpass fil- 
tering on the Dow Jones weekly stock 
market index over a 10-year period 
using moving-average filters: (a) weekly 
index; (b) 51-day moving average ap- 
plied to (a); (c) 201-day moving 
average applied to (a). The weekly 
stock market index and the two moving 
averages are discrete-time sequences. 
For clarity in the graphical display, 

the three sequences are shown here 
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The impulse response of the filter is 


sin(27n/33) 
hp] -4 — 44 ^ 11 = 32. (6.82) 
0, In| > 32 


Comparing this impulse response with eq. (6.20), we see that eq. (6.82) corresponds to 
truncating, for |n| > 32, the impulse response for the ideal lowpass filter with cutoff fre- 
quency we = 27/33. 

In general, the coefficients Р; can be adjusted so that the cutoff is at a desired fre- 
quency. For the example shown in Figure 6.37, the cutoff frequency was chosen to match 
approximately the cutoff frequency of Figure 6.35 for М = M = 16.Figure 6.37(a) shows 
the impulse response of the filter, and Figure 6.37(b) shows the log magnitude of the fre- 
quency response in dB. Comparing this frequency response to Figure 6.35, we observe 
that the passband of the filter has approximately the same width, but that the transition to 


h[n] 
2 
КЕ] 
— 
n 
(a) 
20 
0 dB 
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x -20 
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4 16 8 16 16 8 16 4 
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Figure 6.37 (a) Impulse response for the nonrecursive filter of eq. (6.82); 
(b) log magnitude of the frequency response of the filter. 
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the stopband is sharper. In Figures 6.38(a) and (b), the magnitudes (on a linear amplitude 
scale) of the two filters are shown for comparison. It should be clear from the compari- 
son of the two examples that, by the intelligent choice of the weighting coefficients, the 
transition band can be sharpened. An example of a higher order lowpass filter (N+M+1= 
125), with the coefficients determined through a numerical algorithm referred to as the 
Parks-McClellan algorithm,’ is shown in Figure 6.39. This again illustrates the trade-off 
between the time and frequency domains: If we increase the length N + M + 1 of a filter, 
then, by a judicious choice of the filter coefficients in eq. (6.80), we can achieve sharper 
transition band behavior and a greater degree of frequency selectivity. 

An important property of the examples we have given is that they all have zero or lin- 
ear phase characteristics. For example, the phase of the moving-average filter of eq. (6.79) 
is w[(N — M)/2]. Also, since the impulse response in eq. (6.82) is real and even, the im- 
pulse response of the filter described by that equation is real and even, and thus has zero 
phase. From the symmetry properties of the Fourier transform of real signals, we know 
that any nonrecursive filter with an impulse response that is rea] and even will have a 
frequency response H (e/^) that is real and even and, consequently, has zero phase. Such a 
filter, of course, is noncausal, since its impulse response A[n] has nonzero values for n « 0. 
However, if a causal filter is required, then a simple change in the impulse response can 
achieve this, resulting in a system with /inear phase. Specifically, since h[n] is the impulse 
response of an FIR filter, it is identically zero outside a range of values centered at the origin 





|H(e!)| 
[0] 
(а) 
| He!) | 
Figure 6.38 Comparison, ona 
linear amplitude scale, of the frequency 
© responses of (a) Figure 6.37 and 
(b) (b) Figure 6.35. 


*A. V. Oppenheim and R. W. Schafer, Discrete-Time Signal Processing (Englewood Cliffs, NJ: Prentice- 
Hall, Inc., 1989), Chap. 7. 
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Figure 6.39 Lowpass nonrecursive filter with 251 coefficients designed to obtain the 
sharpest possible cutoff. 


(1.е., h[n] = 0 for all |n| > N). If we now define the nonrecursive LTI system resulting 
from a simple N-step delay of h[n], i.e., 


hilan] = h[n = N], (6.83) 


then [л] = 0 for all n < 0, so that this LTI system is causal. Furthermore, from the time- 
shift property for discrete-time Fourier transforms, we see that the frequency response of 
the system is 


Hy(e/") = Hle je Је. (6.84) 


Since H(e/^) has zero phase, H;(e/“) does indeed have linear phase. 


6.8 SUMMARY 


In this chapter, we have built on the foundation of Fourier analysis of signals and systems 
developed in Chapters 3—5 in order to examine in more detail the characteristics of LTI 
systems and the effects they have on signals. In particular, we have taken a careful look at 
the magnitude and phase characteristics of signals and systems, and we have introduced 
log-magnitude and Bode plots for LTI systems. We have also discussed the impact of 
phase and phase distortion on signals and systems. This examination led us to understand 
the special role played by linear phase characteristics, which impart a constant delay at all 
frequencies and which, in turn, led to the concept of nonconstant group delay and disper- 
sion associated with systems having nonlinear phase characteristics. Using these tools and 
insights, we took another look at frequency-selective filters and the time-frequency trade- 
offs involved. We examined the properties of both ideal and non-ideal frequency-selective 
filters and saw that time-frequency considerations, causality constraints, and implemen- 
tation issues frequently make non-ideal filters, with transition bands and tolerance limits 
in the passbands and stopbands, the preferred choice. 
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We also examined in detail the time-frequency characteristics of first- and second- 
order systems in both continuous and discrete time. We noted in particular the trade-off 
between the response time of these systems and the frequency-domain bandwidth. Since 
first- and second-order systems are the building blocks for more complex, higher order LTI 
systems, the insights developed for those basic systems are of considerable use in practice. 

Finally, we presented several examples of LTI systems in order to illustrate many of 
the points developed in the chapter. In particular, we examined a simple model of an auto- 
mobile suspension system to provide a concrete example of the time-respunse—frequency- 
response concerns that drive system design in practice. We also considered several 
examples of discrete-time nonrecursive filters, ranging from simple moving-average 
filters to higher order FIR filters designed to have enhanced frequency selectivity. We 
saw, in addition, that FIR filters can be designed so as to have exactly lincar phase. These 
examples, the development of the tools of Fourier analysis that preceded them, and the 
insights those tools provide illustrate the considerable value of the methods of Fourier 
analysis in analyzing and designing LTI systems. 


Chapter 6 Problems 





The first section of problems belongs to the basic category, and the answers are pro- 
vided in the back of the book. The remaining two sections contain problems belonging to 
the basic and advanced categories, respectively. 


BASIC PROBLEMS WITH ANSW/ERS 


6.1. Consider a continuous-time LTI system with frequency response H(jw) = 
|H(jw)| e *"U« and real impulse response A(t). Suppose that we apply an input 
x(t) = cos(wot + $o) to this system. The resulting output can be shown to be of the 
form 


y(t) = Ax(t — to), 

where A is a nonnegative real number representing an amplitude-scaling factor and 
to is a time delay. 
(a) Express A in terms of |H( jv). 
(b) Express to in terms of Н (јоу). 

6.2. Consider a discrete-time LTI system with frequency response H(e/") — 
|H(e/”)|e/*#e™) and real impulse response [л]. Suppose that we apply the input 
x[n] = sin(won + фо) to this system. The resulting output can be shown to be of 
the form 


yin] = |H(e"^)|x[n — no], 
provided that XH (e/^") and wo are related in a particular way. Determine this rela- 
tionship. 
6.3. Consider the following frequency response for a causal and stable LTI system: 
] — jw 


Hen = 1+ jo 
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6.4. 


6.5. 


6.6. 


6.7 
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(a) Show that |H(jw)| = A, and determine the value of A. 

(b) Determine which of the following statements is true about T(w), the group delay 
of the system. (Note: T(o) = —d(<H(jw))/dw, where <H(jw) is expressed 
in a form that does not contain any discontinuities.) 

1. T(v) = О юго > 0 
2. T(w) > Ого > 0 
3. то) < О foro > 0 


Consider а linear-phase discrete-time LTI system with frequency response H(e!”) 

and real impulse response A[n]. The group delay function for such a system is 

defined as d А 

Tw) = ———<Н(е?°), 
dw 


where <H(e/”) has no discontinuities. Suppose that, for this system, 
|Н(еі"?)| = 2, &H(e/?) = 0, and “(5 | = 2. 
/ 


Determine the output of the system for each of the following inputs: 
(a) cos(7n) (b) sin"Zn +17) 
Consider a continuous-time ideal bandpass filter whose frequency response is 


1, ос |e| = Зо, 


Ное) = ГЕ elsewhere 


(a) If h(t) is the impulse response of this filter, determine a function g(t) such that 


hit) = Е wet Jo. 
тї 





(b) Аз wc is increased, does the impulse response of the filter get more concentrated 
or less concentrated about the origin? 

Consider a discrete-time ideal highpass filter whose frequency response is specified 

as 





i 1, t-o, = |о| = т 
Jo 207 , € 
me) Hh lw| € T — we 
(a) If h[n] is the impulse response of this filter, determine a function g[n] such that 
sinwen 
h[n] = | = Jen) 
mn 


(b) As o. is increased, does the impulse response of the filter get more concentrated 
or less concentrated about the origin? 


A continuous-time lowpass filter has been designed with a passband frequency of 
1,000 Hz, a stopband frequency of 1,200 Hz, passband ripple of 0.1, and stopband 
ripple of 0.05. Let the impulse response of this lowpass filter be denoted by A(t). We 
wish to convert the filter into a bandpass filter with impulse response 


g(t) = 2h(t) cos(4,0007t). 
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6.8. 


6.9. 


6.10. 


6.11. 


Assuming that |H(jw)| is negligible for |w| > 4,0007, answer the following ques- 

tions: 

(a) If the passband ripple for the bandpass filter is constrained to be 0.1, what are 
the two passband frequencies associated with the bandpass filter? 

(b) If the stopband ripple for the bandpass filter is constrained to be 0.05, what are 
the two stopband frequencies associated with the bandpass filter? 


A causal, nonideal lowpass filter is designed with frequency response H (e/"). The 
difference equation relating the input x[n] and output y[n] for this filter is specified 
as 


N M 
y[n] = > ayin = a > bexin = К]. 
k=1 k=0 


The filter also satisfies the following specifications for the magnitude of its fre- 
quency response: 


passband frequency = wp, 
passband tolerance = 6p, 
stopband frequency = ws, 
stopband tolerance = 6;. 


Now consider a causal LTI system whose input and output are related by the differ- 
ence equation 


N M 
yin] = > (—1)*ау[л — k) S C7 D'bix[n — К]. 
К=1 k=0 
Show that this filter has a passband with a tolerance of 5,, and specify the corre- 
sponding location of the passband. 


Consider a continuous-time causal and stable LTI system whose input x(t) and out- 
put y(t) are related by the differential equation 


4X + 5y() = 20) 


What is the final value (=) of the step response s(t) of this filter? Also, determine 
the value of to for which 


І 
s) = sli- 3], 
€ 


For each first-order system whose frequency response is as follows, specify the 
straight-line approximation of the Bode magnitude plot: 


(a) sofisma) в) 0.04( 45-755) 


For each second-order system whose frequency response is as follows, specify the 
straight-line approximation of the Bode magnitude plot: 

250 +50 
(а) gosos (5) 0.02 ni 025091 


486 Signals and Systems, Second Edition 


6.12. A continuous-time LTI system 5 with frequency response H( ja) is constructed by 
cascading two continuous-time LTI systems with frequency responses H\(jw) and 
H»( jo), respectively. Figures P6.12(a) and P6.12(b) show the straight-line approx- 
imations of the Bode magnitude plots of H\(jw) and Н (јо), respectively. Specify 
H»( jo ). 


20 1о91о | Н, (јо) 





2448 -------- 


20 dB/decade —20 dB/decade 









1 8 10 40 
(a) 


100 w (rad/sec) 


20 logo | Н(}®)| 


—40 dB/decade 






100 w (rad/sec) 


сб |= == oe 
= 
© 


(b) Figure P6.12 


6.13. The straight-line approximation of the Bode magnitude plot of a second-order 
continuous-time LTI system S is shown in Figure P6.13. 5 may be constructed by 


20 log;o | Н(јо)| 





gj —20 dB/decade 

I 
I 
I 
I 
I 


-26dB|---------4--------? 






Ра —40 аВ/аесаае 


1 2 10 80 100 о (rad/sec) Figure P6.13 
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6.14. 


either connecting two first-order systems $ and $5 in cascade or two first-order 
systems $35 and 54 in parallel. Determine which, if any, of the following statements 
are true or false. Justify your answers. 

(a) The frequency responses of Sı and $5 may be determined uniquely. 

(b) The frequency responses of $5 and 54 may be determined uniquely. 


The straight-line approximation of the Bode magnitude plot of a causal and stable 
continuous-time LTI system 5 is shown in Figure P6.14. Specify the frequency re- 
sponse of a system that is the inverse of 5. 


20 log;o | Н(јо)| 








94 dB 


80 dB 


12 dB 


6.15. 


6.16. 


6.17. 


6.18. 












| OdB/decade 
20 dB/decade 





40 dB/decade 


10 50 100 
o (rad/sec) Figure P6.14 


For each of the following second-order differential equations for causal and sta- 
ble LTI systems, determine whether the corresponding impulse response is under- 
damped, overdamped, or critically damped: 


(a) e + 420 + 4y(t) = x(t) 
(b) ET +490 + 5y(t) = 7х(0) 
(©) GP +2090 + у) = х0) 


(4) sn +490 + Sy(t) = T(t) + 140 


A particular first-order causal and Mei РОР ІТІ system has a step re- 
sponse whose maximum overshoot is 50% of its final value. If the final value is 1, 
determine a difference equation relating the input х[п] and output у[л] of this filter. 


For each of the following second-order difference equations for causal and stable LTI 
systems, determine whether or not the step response of the system is oscillatory: 
(a) yin] + yin — 1] + ту[л— 2] = x[n] 

(b) y[n] — yin — 1] + 1у[1— 2] = x[n] 

Consider the continuous-time LTI system implemented as the RC circuit shown in 
Figure P6.18. The voltage source x(t) is considered the input to this system. The 
voltage y(t) across the capacitor is considered the system output. Is it possible for 
the step response of the system to have an oscillatory behavior? 
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x(t) y(t) 


Figure P6.18 
6.19. Consider the continuous-time LTI system implemented as the RLC circuit shown 
in Figure P6.19. The voltage source x(t) is considered the input to this system. The 


voltage y(t) across the capacitor is considered the system output. How should R, L, 
and C be related so that there is no oscillation in the step response? 


x(t) y(t) 


Figure P6.19 


6.20. Consider a nonrecursive filter with the impulse response shown in Figure P6.20. 
What is the group delay as a function of frequency for this filter? 





Figure P6.20 


BASIC PROBLEMS 


6.21. A causal LTI filter has the frequency response H(jw) shown in Figure P6.21. For 
each of the input signals given below, determine the filtered output signal y(t). 
(a) x(t) = e (b) x(t) = (sinwot)u(t) 
"E І E 
(c) X(jo) = GoX6* jo) (d) X(jo) = => 


2+ jo 
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H(jo) 
--12j 





Figure P6.21 


6.22. Shown in Figure P6.22(a) is the frequency response H( jw) of a continuous-time 
filter referred to as a lowpass differentiator. For each of the input signals x(t) below, 
determine the filtered output signal y(t). 

(a) x(t) = cos(27t + 0) 
(b) x(t) = cos(47t + 0) 
(с) x(t) is a half-wave rectified sine wave of period, as sketched in Figure P6.22(b). 


sin2a7t, mst = (m+ 1) 


x(t) = 1 c 
0, (m+ 5) = t = m for any integer m 

IH (jw) +H (jw) 

1 2 

-Зт 
-3m Зп w Зп w 
d 
2 
(a) 





(b) Figure P6.22 


6.23. Shown in Figure P6.23 is |H(jw)| for a lowpass filter. Determine and sketch the 
impulse response of the filter for each of the following phase characteristics: 
(a) XH(jo) = 0 
(b) <H(jw) = wT, where T is a constant 


490 


6.24. 


6.25. 


6.26. 


6.27. 


Signals and Systems, Second Edition 


| H(jw) | 
1 
P "c © Figure P6.23 
£HGo) = » o0 
(c) (jw T =, w < 0 


Consider a continuous-time lowpass filter whose impulse response A(t) is known to 
be real and whose frequency response magnitude is given as: 


; 1, |о| = 2007 

IH Ge)| Е | 0, anita ` 

(a) Determine and sketch the real-valued impulse response A(t) for this filter when 
the corresponding group ig function is specified as: 
@ то) =5 (0 т(о) = (й) тю = —3 

(b) If the impulse response h(t) had not been specified to be real, would knowl- 
edge of |H(jw)| and r(w) be sufficient to determine h(t) uniquely? Justify your 
answer. 


By computing the group delay at two selected frequencies, verify that each of the 
following frequency responses has nonlinear phase. 
(a) H(jo) — (b) H(jo) = Gest (c) H(jw) = 


Consider an ideal highpass filter whose frequency response is specified as 


1 
n (Jw * 1C jo +2) 


za JL le|»e 
Ro) = | otherwise ' 


(a) Determine the impulse response h(t) for this filter. 
(b) As w, is increased, does h(t) get more or less concentrated about the origin? 
(c) Determine 5(0) and $(=), where s(t) is the step response of the filter. 


The output y(t) of a causal LTI system is related to the input x(t) by the differential 
equation 


ae a + 2y(t) = x(t). 


(a) Determine the frequency response 


Y(jo) 
X(jo) 





H(jo) = 


of the system, and sketch its Bode plot. 
(b) Specify, as a function of frequency, the group delay associated with this system. 
(c) If x(t) = e 'u(t), determine Y( jw), the Fourier transform of the output. 
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(d) 
(e) 


6.28. (a) 


(b) 
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Using the technique of partial-fraction expansion, determine the output y(t) for 
the input x(t) in part (c). 
Repeat parts (c) and (d), first if the input has as its Fourier transform 
© Х(о) = =, 
then if | 
(i) X(jo) = тү 


1+ jw’ 








and finally, if ; 
(ii) X(jo) = Gru 


Sketch the Bode plots for the following frequency responses: 
@ 1+ (jo/10) (ii) 1 (jw/10) 
i) сае ш s 
e UE e) Uu 
- 1—(jw/10) see) 10-5 jw+10( jo)? 
(vii) Guy Gar 1 (viii) Mew - 
(ix) 1+ јо + (јо)? (x) 1- jw + (jo) 


А (jw +10)(10/ +1) 
(xi) [(jo/100+ 1I)][((jw)? + ja +1)] 


Determine and sketch the impulse response and the step response for the sys- 
tem with frequency response (iv). Do the same for the system with frequency 
response (vi). 

The system given in (iv) is often referred to as a non-minimum-phase 
system, while the system specified in (vi) is referred to as being a minimum 
phase. The corresponding impulse responses of (iv) and (vi) are referred to as 
a non-minimum-phase signal and a minimum-phase signal, respectively. By 
comparing the Bode plots of these two frequency responses, we can see that 
they have identical magnitudes; however, the magnitude of the phase of the 
system of (iv) is larger than for the system of (vi). 

We can also note differences in the time-domain behavior of the two sys- 
tems. For example, the impulse response of the minimum-phase system has 
more of its energy concentrated near t = 0 than does the impulse response of 
the non-minimum-phase system. In addition, the step response of (iv) initially 
has the opposite sign from its asymptotic value as t — œ, while this is not the 
case for the system of (vi). 

The important concept of minimum- and non-minimum-phase systems 
can be extended to more general LTI systems than the simple first-order systems 
we have treated here, and the distinguishing characteristics of these systems can 
be described far more thoroughly than we have done. 


6.29. An LTI system is said to have phase lead at a particular frequency w = wo if 
<H(jwy) > 0. The terminology stems from the fact that if e/^*' is the input to 
this system, then the phase of the output will exceed, or lead, the phase of the input. 
Similarly, if <H(jwo) < 0, the system is said to have phase lag at this frequency. 
Note that the system with frequency response 


1 
1 + joT 
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has phase lag for all w > 0, while the system with frequency response 
1+ jør 


has phase lead for all w > 0. 
(a) Construct the Bode plots for the following two systems. Which has phase lead 
and which phase lag? Also, which one amplifies signals at certain frequencies? 





2)  1+(jw/10) ү 1+ 10 jw 
@ Toe Gi) 175510 
(b) Repeat part (a) for the following three frequency responses: 
SO  (1+(jw/10)) T 1+ jo/10 see 1+10jw 
@) “тут (Ш) тобо тоо (iii) ETA] 


6.30. Let h(t) have the Bode plot depicted in Figure P6.30. The dashed lines in the figure 
represent straight-line approximations. Sketch the Bode plots for 10A(10*). 


20 109101] H(jw) | 
Күз og) y e 
о со о & № а. 
6 о © © © m 


0.1 1 10 100 1000 
w 
0 
“3 
З az 
тоо? 
NO _3т 
4 
== 
0.1 1 10 100 1000 
w Figure P6.30 


6.31. An integrator has as its frequency response 
H(jw) = E + т Ó(o), 
jo 


where the impulse at w = 0 is a result of the fact that the integration of a constant 
input from ? = —^ results in an infinite output. Thus, if we avoid inputs that are 
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20 10930 | Н(јо) | 


4 Н(јо) 


constant, or equivalently, only examine Н( jw) for w > 0, we see that 


20log|H(jw)| = —20log(w), 


x -=F 
XH(jo) = к 
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In other words, the Bode plot for an integrator, as illustrated in Figure P6.31, consists 
of two straight-line plots. These plots reflect the principal characteristics of an inte- 
grator: a phase shift of —90° at all positive values of frequency and the amplification 


of low frequencies. 


(a) A useful, simple model of an electric motor is an LTI system with input equal to 
the applied voltage and output given by the motor shaft angle. This system can 
be visualized as the cascade of a stable LTI system (with the voltage as input 
and shaft angular velocity as output) and an integrator (representing the integra- 
tion of the angular velocity). Often, a model of first-order system is used for the 
first part of the cascade. Assuming, for example, that this first-order system has 
a time constant of 0.1 second, we obtain an overall motor frequency response of 


40 


20 


0 dB 


—20 


—40 


—60 
0.01 0.1 1 10 100 1000 


0.01 0.1 1 10 100 1000 
w Figure P6.31 
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the form 
РЯ 1 
H(jo) = Jol + 5710) + т б(а)). 
Sketch the Bode plot for the system for > 0.001. 
(b) Sketch the Bode plot for a differentiator. 
(c) Do the same for systems with the following frequency responses: 


(i) How) = Fjo 





(ii) Н(}®) = dab c Gar) 
6.32. Consider the system depicted in Figure P6.32. This “compensator” box is a continu- 
ous-time LTI system. 

(a) Suppose that itis desired to choose the frequency response of the compensator so 
that the overall frequency response H( jw) of the cascade satisfies the following 
two conditions: 

1. The log magnitude of H( jw) has a slope of —40 dB/decade beyond w = 
1,000. 

2. For 0 < w < 1,000, the log magnitude of H(jw) should be between 
—10 dB and 10 dB. 

Design a suitable compensator (that is, determine a frequency response for a 

compensator that meets the preceding requirements), and draw the Bode plot 

for the resulting H( jw). 

Repeat (a) if the specifications on the log magnitude of H( jw) are as follows: 

1. It should have a slope of +20 dB/decade for 0 < w < 10. 

2. It should be between +10 and +30 dB for 10 < w < 100. 

3. It should have a slope of —20 dB/decade for 100 < w < 1,000. 

4. It should have a slope of —40 dB/decade for w > 1,000. 


Figure P6.32 


6.33. Figure P6.33 shows a system commonly used to obtain a highpass filter from a 
lowpass filter and vice versa. 

(a) Show that, if H( jw) is a lowpass filter with cutoff frequency w,,, the overall 
system corresponds to an ideal highpass filter. Determine the system's cutoff 
frequency and sketch its impulse response. 

(b) Show that, if H( jw) is an ideal highpass filter with cutoff frequency «р, the 
overall system corresponds to an ideal lowpass filter, and determine the cutoff 
frequency of the system. 

(c) If the interconnection of Figure P6.33 is applied to an ideal discrete-time low- 
pass filter, will the resulting system be an ideal discrete-time highpass filter? 


(b 


— 





x(t) y(t) 


Figure P6.33 
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6.34. In Problem 6.33, we considered a system commonly used to obtain a highpass filter 
from a lowpass filter and vice versa. In this problem, we explore the system further 
and, in particular, consider a potential difficulty if the phase of H( jw) is not properly 
chosen. 

(a) Referring to Figure P6.33, let us assume that H( јо) is real and as shown in 
Figure P6.34. Then 


1-4;€Hu)«14-8, 0: x 0, 


—8, < H(jo) < +62, w2 < о. 


Determine and sketch the resulting frequency response of the overall system of 
Figure P6.33. Does the resulting system correspond to an approximation to a 
highpass filter? 


(b) Now let H( jw) in Figure P6.33 be of the form 


— 


H(jw) = Hy(jw)e!, (P6.34—1) 


where Н (јо) is identical to Figure P6.34 and @(w) is an unspecified phase 
characteristic. With H( jw) in this more general form, does it still correspond to 
an approximation to a lowpass filter? 

Without making any assumptions about Ө(о), determine and sketch the toler- 
ance limits on the magnitude of the frequency response of the overall system of 
Figure P6.33. 

If H(jw) in Figure P6.33 is an approximation to a lowpass filter with unspec- 
ified phase characteristics, will the overall system in that figure necessarily 
correspond to an approximation to a highpass filter? 


(c 


— 


(а 


æ 





Figure P6.34 


6.35. Shown in Figure P6.35 is the frequency response H(eJ^) of a discrete-time differ- 
entiator. Determine the output signal y[n] as a function of wo if the input x[n] is 


x[n] = cos[won + 6]. 
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Figure P6.35 


6.36. Consider a discrete-time lowpass filter whose impulse response h[n] is known to be 
real and whose frequency response magnitude іп the region -m = w = m is given 
as: 


l, lol = 3 


joj — 
ail | 0, otherwise ` 

Determine and sketch the real-valued impulse response A[n] for this filter when the 
corresponding group delay function is specified as: 

(a) rT) =5 (фут = 5 (0) tw) = -3 


6.37. Consider a causal LTI system whose frequency response is given as: 
ТЕР 
1 = ae 9 


ah S 
= Aajo 
1 2€ 


H(ei*^) = eje 
(a) Show that |H(e/^)| is unity at all frequencies. 
(b) Show that 
1 


‹ sin 
Неде) = -w — 2tan! | 27 _ 
1 = 7 С0О5@ 


(с) Show that the group delay for this filter is given by 
T(w) = 


Sketch т(о). 
(d) What is the output of this filter when the input is cos( 3n)? 
6.38. Consider an ideal bandpass filter whose frequency response in the region —7 = 
w = T is specified as 


1, 5-0. 5 lol = $+, 
0, otherwise 


H(e!”) = | 
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Determine and sketch the impulse response h[n] for this filter when 


(а) v. = с 
(b) we = 4 
(с) о. = $ 


E 


As wc is increased, does h[n] get more or less concentrated about the origin? 
6.39. Sketch the log magnitude and phase of each of the following frequency responses. 








(a) 1 4 je 7° (b) 1 + 2е-је 
(c) 1 — 2e)" (d) 1+2e 7» 
1 l+le-je 

(e) (1+ Le-joy (0 I- jeje 

1+2¢J# 1—2е-% 
(8) 1+1е7/0 (h) ales 
è 1 ; 1 
G) (1- {е ®)(1-те-/%) Ф (I7 Тео) ie je) 
(k) 1+2е72/9 


(l-e joy? 


6.40. Consider an ideal discrete-time lowpass filter with impulse response h[n] and for 
which the frequency response H (e/^) is that shown in Figure P6.40. Let us consider 
obtaining a new filter with impulse response A; [n] and frequency response H,(e/") 
as follows: 


hin) = [QUA neven 


This corresponds to inserting a sequence value of zero between each sequence value 
of h[n]. Determine and sketch H,(e/^) and state the class of ideal filters to which it 
belongs (e.g., lowpass, highpass, bandpass, multiband, etc.). 


| H(el^) | 4 Н(е!“)=0 


-?m -т =w We т 27 © Figure P6.40 


6.41. A particular causal LTI system is described by the difference equation 


Р 


Ии] - 2и - 1) + уул —2] = 4и] = xin - 1) 


(a) Find the impulse response of this system. 
(b) Sketch the log magnitude and the phase of the frequency response of the system. 
6.42. (a) Consider two LTI systems with the following frequency responses: 


1+ te Je 
Н|(е?°) = CLE o 
1+ дё е 
; 1 +етіо 
Н›(е?®) = + 


=, 
1 + 2e о 
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6.43. 


-27 


Show that both of these frequency responses have the same magnitude function 
[i.e., |H\(e/”)| = |H2(e/)|], but the group delay of Н›(е/“) is greater than the 
group delay of H,(e/) for w > 0. 

(b) Determine and sketch the impulse and step responses of the two systems. 

(c) Show that 





Halet) = С(её?®)Н\(е?°), 


where G(e/^) is an all-pass system [i.e., |G(e/”)| = 1 for all о]. 
When designing filters with highpass or bandpass characteristics, it is often conve- 
nient first to design a lowpass filter with the desired раѕѕБага and stopband specifi- 
cations and then to transform this prototype filter to the desired highpass or bandpass 
filter. Such transformations are called lowpass-to-highpass or highpass-to-lowpass 
transformations. Designing filters in this manner is convenient because it requires 
us only to formulate our filter design algorithms for the class of filters with low- 
pass characteristics. As one example of such a procedure, consider a discrete-time 
lowpass filter with impulse response h,,[n] and frequency response Нур(е/®), as 
sketched in Figure P6.43. Suppose the impulse response is modulated with the se- 
quence (— 1)" to obtain ль [и] = (—1)"Ajp[n]. 
(a) Determine and sketch Нь (е/°) іп terms of Hye" ). Show in particular that, for 

Hyy(e/^) as shown in Figure P6.43, Hyy(e/^) corresponds to a highpass filter. 
(b) Show that modulation of the impulse response of a discrete-time highpass filter 

by (—1)" will transform it to a lowpass filter. 


Hy, (e!”) 


1 


-r T 2m Figure P6.43 


6.44. A discrete-time system is implemented as shown in Figure P6.44. The system S 


x(n] 


shown in the figure is an LTI system with impulse response [n]. 

(a) Show that the overall system is time invariant. 

(b) If hp[n] is a lowpass filter, what type of filter does the system of the figure 
implement? 


[x] 5 yin 
Мп] 


eT c» Figure P6.44 
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6.45. 


6.46. 


6.47. 


6.48. 





Consider the following three frequency responses for causal and stable third-order 
LTI systems. By utilizing the properties of first- and second-order systems dis- 
cussed in Section 6.6, determine whether or not the impulse response of each of the 
third-order systems is oscillatory. (Note: You should be able to answer this ques- 
tion without taking the inverse Fourier transforms of the frequency responses of the 
third-order systems.) 














1 
H,(e”) = ane 
me) ате — Le-joy10 Те) 

А 1 
Не) = == ps em 
(1-F 2e" X1— ge" Xl — ge") 

; 1 

Hate) = 3 


(1 — $e-i9y1— feie + Be sm) 

Consider a causal, nonrecursive (FIR) filter whose real-valued impulse response 

h[n] is zero for n = N. 

(a) Assuming that N is odd, show that if A[n] is symmetric about (N — 1)/2 (i.e., if 
h[QN — 1)/2 + п] = АКМ — 1)/2 — n]), then 


H(e!”) = А(о)е JN V2 Ie 


where A(w) is a real-valued function of о. We conclude that the filter has linear 
phase. 

(b) Give an example of the impulse response /i[n] of a causal, linear-phase FIR 
filter such that h[n] = 0 for n = 5 and A[n] = 0 forO = n = 4. 

(c) Assuming that N is even, show that if h[n] is symmetric about (N — 1)/2 (i.e., 
if A[(N/2) + n] = h[N/2 — n — 1], then 


H(e") = А(о)е IN- Ша 


where A(w) is a real-valued function of w. 
(d) Give an example of the impulse response A[n] of a causal, linear-phase FIR 
filter such that h[n] = 0 for n = 4 and h[n] = 0 for0 = n < 3. 


A three-point symmetric moving average, referred to as a weighted moving average, 
is of the form 


y[n] = b(ax[n — 1] + x[n] + ax[n + 1]). (P6.47-1) 


(a) Determine, as a function of a and b, the frequency response H (e/^) of the three- 
point moving average in eq. (P6.47—1). 

(b) Determine the scaling factor b such that H(e/”) has unity gain at zero frequency. 

(c) In many time-series analysis problems, a common choice for the coefficient a 
in the weighted moving average in eq. (P6.47-1) is a = 1/2. Determine and 
sketch the frequency response of the resulting filter. 

Consider a four-point, moving-average, discrete-time filter for which the difference 

equation is 


y[n] = box[n] + by x[n — 1] + b»x[n — 2] + bax[n — 2]. 
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Determine and sketch the magnitude of the frequency response for each of the fol- 
lowing cases: 


(a) 
(b) 
(c) 
(d) 


Бу = Ьу = 0, bi = b; 
bi = b = 0, ро = bi 
Бу = bi = b = bi 

ba = —by = bı = —b; 


ADVANCED PROBLEMS 


6.49. The time constant provides a measure of how fast a first-order system responds to 
inputs. The idea of measuring the speed of response of a system is also important for 
higher order systems, and in this problem we investigate the extension of the time 
constant to such systems. 


(a) 


(b) 


(с 


— 


(4) 


Recall that the time constant of a first-order system with impulse response 
A(t) = ae “u(t), a>O, 


is 1/а, which is the amount of time from / = 0 that it takes the system step 
response s(t) to settle within l/e of its final value [i.e., s(%) = lim, _,..5(7)]. 
Using this same quantitative definition, find the equation that must be solved in 
order to determine the time constant of the causal LTI system described by the 
differential equation 

dy(t) 


PID | 4X роу = 9200) (P6.49-1) 
аг а ойи | | 





As сап be seen from part (a), if we use the precise definition of the time constant 
set forth there, we obtain a simple expression for the time constant of a first- 
order system, but the calculations are decidedly more complex for the system 
of eq. (P6.49—1). However, show that this system can be viewed as the parallel 
interconnection of two first-order systems. Thus, we usually think of the system 
of eq. (P6.49-1) as having two time constants, corresponding to the two first- 
order factors. What are the two time constants for this system? 

The discussion given in part (b) can be directly generalized to all systems with 
impulse responses that are linear combinations of decaying exponentials. In 
any system of this type, one can identify the dominant time constants of the 
system, which are simply the largest of the time constants. These represent the 
slowest parts of the system response, and consequently, they have the dominant 
effect on how fast the system as a whole can respond. What is the dominant 
time constant of the system of eq. (P6.49—1)? Substitute this time constant into 
the equation determined in part (a). Although the nurnber will not satisfy the 
equation exactly, you should see that it nearly does, which is an indication that 
it is very close to the time constant defined in part (a). Thus, the approach we 
have outlined in part (b) and here is of value in providing insight into the speed 
of response of LTI systems without requiring excessive calculation. 

One important use of the concept of dominant time constants is in the reduction 
of the order of LTI systems. This is of great practical significance in problems 
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S(t) 


s(t) 


Figure P6.49 


involving the analysis of complex systems having a few dominant time con- 
stants and other very small time constants. In order to reduce the complexity 
of the model of the system to be analyzed, one often can simplify the fast parts 
of the system. That is, suppose we regard a complex system as a parallel in- 
terconnection of first- and second-order systems. Suppose also that one of these 
subsystems, with impulse response A(t) and step response s(t), is fast—that is, 
that s(t) settles to its final value s(%) very quickly. Then we can approximate this 
subsystem by the subsystem that settles to the same final value instantaneously. 
That is, if S(t) is the step response to our approximation, then 


S(t) = s(~)u(t). 


This is illustrated in Figure P6.49. Note that the impulse response of the ap- 
proximate system is then 


A(t) = s(»»)ó(t), 


which indicates that the approximate system is memoryless. 

Consider again the causal LTI system described by eq. (P6.49—1) and, in 
particular, the representation of it as a parallel interconnection of two first-order 
systems, as described in part (b). Use the method just outlined to replace the 
faster of the two subsystems by a memoryless system. What is the differential 
equation that then describes the resulting overall system? What is the frequency 
response of this system? Sketch |H(jw)| (not log |H(jw)|) and XH( jo) for both 
the original and approximate systems. Over what range of frequencies are these 
frequency responses nearly equal? Sketch the step responses for both systems. 
Over what range of time are the step responses nearly equal? From your plots, 
you will see some of the similarities arid differences between the original sys- 
tem and its approximation. The utility of an approximation such as this de- 
pends upon the specific application. In particular, one must take into account 
both how widely separated the different time constants are and also the nature 
of the inputs to be considered. As you will see from your answers in this part of 
the problem, the frequency response of the approximate system is essentially 
the same as the frequency response of the original system at low frequencies. 
That is, when the fast parts of the system are sufficiently fast compared to the 
rate of fluctuation of the input, the approximation becomes useful. 
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6.50. The concepts associated with frequency-selective filtering are often used to sepa- 


rate two signals that have been added together. If the spectra of the two signals do 
not overlap, ideal frequency-selective filters are desirable. However, if the spectra 
overlap, it is often preferable to design the filter to have a gradual transition between 
passband and stopband. In this problem, we explore one approach for determining 
the frequency response of a filter to be used for separating signals with overlapping 
spectra. Let x(t) denote a composite continuous-time signal consisting of the sum 
of two signals s(t) + w(t). As indicated in Figure P6.50(a), we would like to design 
an LTI filter to recover s(t) from x(t). The filter's frequency response H( jw) is to 
be chosen so that, in some sense, y(t) is a "good" approximation to s(t). 

Let us define a measure of the error between y(t) and s(t) at each frequency 
w as 


2 |50 jw) — Y(jo)[?, 


E(w) 
where S( jw) and Y(jw) are the Fourier transforms of s(t) and y(t), respectively. 
(a) Express e(w) in terms of S(jw), H(jw), and W(jw), where W(jw) is the 

Fourier transform of w(t). 

(b) Let us restrict H( jw) to be real, so that H(jw) = H*(ja). By setting the deriva- 
tive of e(w) with respect to H( jw) to be zero, determine the H( jw) required to 
minimize the error €(w). 

(c) Show that if the spectra of S( jw) апа W( jw) are non-overlapping, the result іп 
part (b) reduces to an ideal frequency-selective filter. 

(d) From your result in part (b), determine and sketch H( jw) if S(jw) and W(jw) 
are as shown in Figure P6.50(b). 


x(t) = s(t) + — ны | y(t) 


(a) 
S(jo) 
1 
-2 2 w 
W(ijo) 
1 
=] 1 m 


(b) Figure P6.50 
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6.51. An ideal bandpass filter is a bandpass filter that passes only a range of frequencies, 
without any change in amplitude or phase. As shown in Figure P6.51(a), let the 
passband be 


w w 
90— 5 < |o| = w + 5. 


(a) What is the impulse response A(t) of this filter? 

(b) We can approximate an ideal bandpass filter by cascading a first-order lowpass 
and a first-order highpass filter, as shown in Figure P6.51(b). Sketch the Bode 
diagrams for each of the two filters Hı (јо) and H»( jæ). 

(c) Determine the Bode diagram for the overall bandpass filter in terms of your 
results from part (b). 


H(jo) 








(b) Figure P6.51 


6.52. In Figure P6.52(a), we show the magnitude of the frequency response for an ideal 
continuous-time differentiator. A nonideal differentiator would have a frequency 
response that is some approximation to the frequency response in the figure. 

(a) Consider a nonideal differentiator with frequency response G( jw) for which 
|G(jw)| is constrained to be within +10% of the magnitude of the frequency 
response of the ideal differentiator at all frequencies; that is, 


—0.1|A(jw)| = [GGo)| – |H(jo)|] = 0.11H Go). 


Sketch the region in a plot of G( jw) vs. w where |G(jw)| must be confined to 
meet this specification. 
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| H (jw) | | H (jo) |= leo] 


^— — Slope =1 





w 


er | yt = 1 wit) 


(a) 







x(t) 


Ideal delay 
T sec. 


(b) 
Figure P6.52 


(b) The system in Figure P6.52(b), incorporating an ideal delay of T seconds, is 
sometimes used to approximate a continuous-time differentiator. For T = 10? 
second, determine the frequency range over which the magnitude of the fre- 
quency response of the system in the figure is within +: 10% of that for an ideal 
differentiator. 


In many filtering applications, it is often undesirable for the step response of a filter 
to overshoot its final value. In processing pictures, for example, the overshoot in the 
step response of a linear filter may produce flare— that is, an increase in intensity— 
at sharp boundaries. It is possible, however, to eliminate overshoot by requiring that 
the impulse response of the filter be positive for all time. 

Show that if A(t), the impulse response of a continuous-time LTI filter, is al- 
ways greater than or equal to zero, the step response of the filter is a monotonically 
nondecreasing function and therefore will not have overshoot. 


By means of a specific filter design procedure, a nonideal continuous-time lowpass 
filter with frequency response Ho( jw), impulse response ho(t), and step response 
so(f) has been designed. The cutoff frequency of the filter is at о = 2m x 10? 
rad/sec, and the step response rise time, defined as the time required for the step 
response to go from 10% of its final value to 90% of its final value, is т. = 1072 
second. From this design, we can obtain a new filter with an arbitrary cutoff fre- 
quency w, by the use of frequency scaling. The frequency response of the resulting 
filter is then of the form 


Hy(Cjo) = Ho(jaw), 


where a is an appropriate scale factor. 
(a) Determine the scale factor a such that Hjp( jw) has a cutoff frequency of we. 
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6.55. 


6.56. 


(b) Determine the impulse response /),(t) of the new filter in terms of w, and ho(t). 
(c) Determine the step response 51,(/) of the new filter in terms of о, and so(t). 
(d) Determine and sketch the rise time of the new filter as a function of its cutoff 
frequency we. 
This is one illustration of the trade-off between time-domain and 
frequency-domain characteristics. In particular, as the cutoff frequency de- 
creases, the rise time tends to increase. 


The square of the magnitude of the frequency response of a class of continuous-time 
lowpass filters, known as Butterworth filters, is 


1 
. 2 -— 
IBGe = тушо е 


Let us define the passband edge frequency w, as the frequency below which 
|B( jw)|* is greater than one-half of its value at w = 0; that is, 


los 
IBGe)F = =1В(Ј0)Р, lwl < wp. 


Now let us define the stopband edge frequency w, as the frequency above which 
|B(jw)|* is less than 1072 of its value at w = 0; that is, 


|B( jw)? = 1072800), |ы > ws. 


The transition band is then the frequency range between w, and ws. The ratio w,/w p 
is referred to as the transition ratio. 

For fixed w,, and making reasonable approximations, determine and sketch 
the transition ratio as a function of N for the class of Butterworth filters. 


In this problem, we explore some of the filtering issues involved in the commercial 
version of a typical system that is used in most modern cassette tape decks to reduce 
noise. The primary source of noise is the high-frequency hiss in the tape playback 
process, which, in some part, is due to the friction between the tape and the playback 
head. Let us assume that the noise hiss that is added to the signal upon playback has 
the spectrum of Figure P6.56(a) when measured in decibels, with 0 dB equal to the 
signal level at 100 Hz. The spectrum S(jw) of the signal has the shape shown in 
Figure P6.56(b). 
The system that we analyze has а filter Hı (јо) which conditions the signal 
s(t) before it is recorded. Upon playback, the hiss n(t) is added to the signal. The 
system is represented schematically in Figure P6.56(c). 
Suppose we would like our overall system to have a signal-to-noise ratio of 40 
dB over the frequency range 50 Hz < w/2a < 20 kHz. 
(a) Determine the transfer characteristic of the filter Hı (јо). Sketch the Bode plot 
of H,(jw). 
(b) If we were to listen to the signal p(t), assuming that the playback process does 
nothing more than add hiss to the signal, how do you think it would sound? 
(c) What should the Bode plot and transfer characteristic of the filter H2(jw) be in 
order for the signal S(t) to sound similar to s(t)? 
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Figure P6.56 


6.57. Show that if h[n], the impulse response of a discrete-time LTI filter, is always greater 
than or equal to zero, the step response of the filter is a monotonically nondecreasing 
function and therefore will not have overshoot. 


6.58. In the design of either analog or digital filters, we often approximate a specified 
magnitude characteristic without particular regard to the phase. For example, stan- 
dard design techniques for lowpass and bandpass filters are typically derived from 
a consideration of the magnitude characteristics only. 

In many filtering problems, one would ideally like the phase characteristics to 
be zero or linear. For causal filters, it is impossible to have zero phase. However, for 
many digital filtering applications, it is not necessary that the unit sample response 
of the filter be zero for n < 0 if the processing is not to be carried out in real time. 

One technique commonly used in digital filtering when the data to be filtered 
are of finite duration and stored, for example, on a disc or magnetic tape is to process 
the data forward and then backward through the same filter. 

Let h[n] be the unit sample response of a causal filter with an arbitrary phase 
characteristic. Assume that А[л] is real, and denote its Fourier transform by H (e/^). 
Let x[n] be the data that we want to filter. The filtering operation is performed as 
follows: 
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а gin] 
sene mn | r[n] 


sin] = [п] 


(a) 
x[n] — mi — gin] 
x[-n] — m | r[n] 


(b) 
H (el) 


т 
4 4 


4 H (el) 





(c) Figure P6.58 


(a) Method A: Process x[n] to get s[n], as indicated in Figure P6.58(a). 

1. Determine the overall unit sample response A; [n] that relates x[n] and s[n], 
and show that it has zero phase characteristic. 
2. Determine |H; (e/")| and express it in terms of |H(e/^)| and X:H(e/). 

(b) Method B: Process x[n] through the filter h[n] to get g[n] [Figure P6.58(b)]. 
Also, process x[n] backward through A[n] to get [п]. The output y[n] is taken 
to be the sum of g[n] and r[—n]. The composite set of operations can be repre- 
sented by a filter with input x[n], output y[r], and unit sample response й [n]. 
1. Show that the composite filter h2[n] has zero phase characteristic. 

2. Determine |H>(e/“)|, and express it in terms of |H(e/)| and <H(e/”). 

(c) Suppose that we are given a sequence of finite duration on which we would 

like to perform bandpass, zero-phase filtering. Furthermore, assume that we 
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are given the bandpass filter h[n] with frequency response as specified in Fig- 
ure P6.58(c) and with magnitude characteristic that we desire, but with linear 
phase. To achieve zero phase, we could use either of the preceding methods, A 
or B. Determine and sketch |H; (e/")| and |H5(e/")|. From these results, which 
method would you use to achieve the desired bandpass filtering operation? Ex- 
plain why. More generally, if А[л] has the desired magnitude, but a nonlinear 
phase characteristic, which method is preferable to achieve a zero phase char- 
acteristic? 
Let h4[n] denote the unit sample response of a desired ideal system with frequency 
response H,(e/”), and let h[n] denote the unit sample response for an FIR system 
of length N and with frequency response H(e/^). In this problem, we show that a 
rectangular window of length № samples applied to ^; [n] will produce a unit sample 
response h[n] such that the mean square error 


т 

ias T. | |H4(e/") — H(eJ*)? dw 

27 a 

is minimized. | | | 

(a) The error function E(e/”) = Ha(e/”) — H(e/^) can be expressed as the power 
series 


x 


E(e/") = У e[n]e 7". 


n=—% 


Find the coefficients e[n] in terms of hg[n] and A[n]. 

(b) Using Parseval’s relation, express the mean square error €? in terms of the co- 
efficients e[n]. 

(c) Show that for a unit sample response A[n] of length N saraples, є? is minimized 
when 


_ | halal, OSn=N-1 
"IM | 0, otherwise : 
That is, simple truncation gives the best mean square approximation to a desired 
frequency response for a fixed value of N. 


In Problem 6.50, we considered one specific criterion for determining the frequency 
response of a continuous-time filter that would recover a signal from the sum of 
two signals when their spectra overlapped in frequency. For the discrete-time case, 
develop the result corresponding to that obtained in part (b) of Problem 6.50. 


In many situations we have available an analog or digital filter module, such as a 
basic hardware element or computer subroutine. By using the module repetitively 
or by combining identical modules, it is possible to implement a new filter with 
improved passband or stopband characteristics. In this and the next problem, we 
consider two procedures for doing just that. Although the discussion is phrased in 
terms of discrete-time filters, much of it applies directly to continuous-time filters 
as well. 
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o 95 т о Figure P6.61 


Consider a lowpass filter with frequency response Н(е/°) for which |H (e/")| 
falls within the tolerance limits shown in Figure P6.61; that is, 


1-6, = |Н(е?®)| < 1-685, 0o x wy, 


0 = |Н(е?°)| <6, w = @ = т. 


A new filter with frequency response G(e/") is formed by cascading two identical 

filters, both with frequency response H(e/”). 

(a) Determine the tolerance limits on |G(e/^ ). 

(b) Assuming that H(e/”) is a good approximation to a lowpass filter, so that | << 
1 and 6, << 1, determine whether the passband ripple for G(e/^) is larger or 
smaller than the passband ripple for H(e/”). Also, determine whether the stop- 
band ripple for G(e/^) is larger or smaller than the stopband ripple for H(e/”). 

(c) If N identical filters with frequency response H(e/”) are cascaded to obtain a 
new frequency response G(e/"), then, again assuming that 8; << 1 and à; << 
1, determine the approximate tolerance limits on |G(e/")|. 


6.62. In Problem 6.61, we considered one method for using a basic filter module repeti- 
tively to implement a new filter with improved characteristics. Let us now consider 
an alternative approach, proposed by J. W. Tukey in the book, Exploratory Data 
Analysis (Reading, MA: Addison-Wesley Publishing Co., Inc., 1976). The proce- 
dure is shown in block diagram form in Figure P6.62(a). 

(a) Suppose that H(e/”) is real and has a passband ripple of +5, and a stopband 
ripple of +9 (i.e., H(e/^) falls within the tolerance limits indicated in Fig- 
ure P6.62(b)). The frequency response G(e/”) of the overall system in Figure 
P6.62(a) falls within the tolerance limits indicated in Figure P6.62(c). Deter- 
mine A, B, C, and D in terms of ô; and б». 

(b) If5; << 1 апад: << 1, whatis the approximate passband ripple and stopband 
ripple associated with G(e/")? Indicate in particular whether the passband rip- 
ple for G(e/^) is larger or smaller than the passband ripple for H(e/”). Also, 
indicate whether the stopband ripple for G(e/^) is larger or smaller than the 
stopband ripple for Н (e/"). 

In parts (a) and (b), we assumed that H(e/”) is real. Now consider H(e/^) to 

have the more general form 


(c 


-— 


H(e/^) = Hi (ee, 


where H,(e/^) is real and @(w) is an unspecified phase characteristic. If |H (e/^ )| 
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(1-8) =H (e) =(1+8,) 0 xo = ap 


-82 =H (e) <ô, о <0 <7 


(b) 


А <G (el?) <В 0 zo = ор 


C «G (e) =D oe, Sw =т 


(c) 


Figure P6.62 


is a reasonable approximation to an ideal lowpass filter, will |G(e/”)| necessarily 
be a reasonable approximation to an ideal lowpass filter? 
(d) Now assume that H(e/^) is an FIR linear-phase lowpass filter, so that 


He!) = Hile jeie, 
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where Н|(е?®) is real and M is an integer. Show how to modify the system in 
Figure P6.62(a) so that the overall system will approximate a lowpass filter. 


6.63. In the design of digital filters, we often choose a filter with a specified magnitude 


6.64 


characteristic that has the shortest duration. That is, the impulse response, which 
is the inverse Fourier transform of the complex frequency spectrum, should be as 
narrow as possible. Assuming that h[n] is real, we wish to show that if the phase 
6(w) associated with the frequency response H(e/^) is zero, the duration of the 
impulse response is minimal. Let the frequency response be expressed as 


He!) = |H(e*)[e™, 


and let us consider the quantity 


© 


D= >) та] = = (nh[n]" 


п= —% п= — 2 


то be a measure of the duration of the associated impulse response А[п]. 

(a) Using the derivative property of the Fourier transform and Parseval's relation, 
express D in terms of H(e/^). 

(b) By expressing H(e/^) in terms of its magnitude |H(e/”)| and phase Ө(о), use 
your result from part (а) to show that D is minimized when 0(о) = 0. 

For a discrete-time filter to be causal and to have exactly linear phase, its impulse 

response must be of finite length and consequently the difference equation must be 

nonrecursive. To focus on the insight behind this statement, we consider a particular 

case, that of a linear phase characteristic for which the slope of the phase is an 

integer. Thus, the frequency response is assumed to be of the form 


H(e!”) = H,(e/*)e JM», -m <w < т (P6.64—-1) 


where H,(e/”) is real and even. 
Let h[n] denote the impulse response of the filter with frequency response 

H (e/") and let h,[n] denote the impulse response of the filter with frequency re- 
sponse H,(e/”). 
(a) By using the appropriate properties in Table 5.1, show that: 

1. A,[n] = h,[—n] (i.e., h,[n] is symmetric about n = 0). 

2. h[n] = h,[n — M]. 
(b) Using your result in part (a), show that with H(e/”) of the form shown in eq. 

(P6.64—1), h[n] is symmetric about n — M, that is, 


h[M + n] = h[M - n]. (P6.64—2) 


(c) According to the result in part (b), the linear phase characteristic in eq. 
(P6.64—1) imposes a symmetry in the impulse response. Show that if А[л] 
is causal and has the symmetry in eq. (P6.64—2), then 


h[n] = 0, n < 0 and n > 2M 


(i.e., it must be of finite length). 
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6.65. 


6.66. 


For a class of discrete-time lowpass filters, known as Butterworth filters, the squared 
magnitude of the frequency response is given by 


|В(е/°)2 = 





1 
1-5 tan(w/2) di 
tan(w,/2) 


where c, is the cutoff frequency (which we shall take to be 77/2) and N is the order 
of the filter (which we shall consider to be N = 1). Thus, we have 


1 


В jw |2 = ; 
BC") 1 + tan?(w/2) 


(a) Using trigonometric identities, show that |B(e/”)|? = cos?(w/2). 

(b) Let B(e/") = acos(w/2). For what complex values of a is |B(e/^)|? the same 
as in part (a)? 

(c) Show that B(e/”) from part (b) is the transfer function corresponding to a dif- 
ference equation of the form 


yin] = ax[n] + Bx[n — y]. 


Determine a, B, and y. 


In Figure P6.66(a) we show a discrete-time system consisting of a parallel combi- 
nation of N LTI filters with impulse response h,[n], k = 0, 1,---, N — 1. For any k, 
h, [n] is related to ho[n] by the expression 


hy[n] = e/@ankiN) hafn]. 


(a) If ho[n] is an ideal discrete-time lowpass filter with frequency response Ho(e/") 
as shown in Figure P6.66(b), sketch the Fourier transforms of h; [n] and Ay... [n] 
for w in the range —7 <w = +r. 





N-1 
у[п]= X yin] 
k-0 


Figure P6.66a 
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Ho(e!) 





Figure P6.66b 


(b) Determine the value of the cutoff frequency we in Figure P6.66(b) in terms of 
N (0 € we = т) such that the system of Figure P6.66(a) is an identity system; 
that is, y[n] = x[n] for all п and any input x[n]. 

(c) Suppose that h[n] is no longer restricted to be an ideal lowpass filter. If A[n] 
denotes the impulse response of the entire system in Figure P6.66(a) with input 
x[n] and output y[n], then [n] can be expressed in the form 


Мп] = r[n]ho[n]. 


Determine and sketch r[n]. 

(d) From your result of part (c), determine a necessary and sufficient condition on 
ho[n] to ensure that the overall system will be an identity system (i.e., such that 
for any input x[n], the output y[n] will be identical to x[n]). Your answer should 
not contain any sums. 


SAMPLING 





7.0 INTRODUCTION 


Under certain conditions, a continuous-time signal can be completely represented by and 
recoverable from knowledge of its values, or samples, at points equally spaced in time. 
This somewhat surprising property follows from a basic result that is referred to as the 
sampling theorem. This theorem is extremely important and useful. It is exploited, for 
example, in moving pictures, which consist of a sequence of individual frames, each of 
which represents an instantaneous view (i.e., a sample in time) of a continuously changing 
scene. When these samples are viewed in sequence at a sufficiently fast rate, we perceive 
an accurate representation of the original continuously moving scerie. As another example, 
printed pictures typically consist of a very fine grid of points, each corresponding to a 
sample of the spatially continuous scene represented in the picture. If the samples are 
sufficiently close together, the picture appears to be spatially continuous, although under 
a magnifying glass its representation in terms of samples becomes evident. 

Much of the importance of the sampling theorem also lies in its role as a bridge 
between continuous-time signals and discrete-time signals. As we will see in this chapter, 
the fact that under certain conditions a continuous-time signal can be completely recovered 
from a sequence of its samples provides a mechanism for representing a continuous-time 
signal by a discrete-time signal. In many contexts, processing discrete-time signals is more 
flexible and is often preferable to processing continuous-time signals. This is due in large 
part to the dramatic development of digital technology over the past few decades, result- 
ing in the availability of inexpensive, lightweight, programmable, and easily reproducible 
discrete-time systems. The concept of sampling, then, suggests an extremely attractive 
and widely employed method for using discrete-time system technology to implement 
continuous-time systems and process continuous-time signals: We exploit sampling to 
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convert a continuous-time signal to a discrete-time signal, process the discrete-time signal 
using a discrete-time system, and then convert back to continuous time. 

In the following discussion, we introduce and develop the concept of sampling and 
the process of reconstructing a continuous-time signal from its samples. In this discus- 
sion, we both identify the conditions under which a continuous-time signal can be exactly 
reconstructed from its samples and examine the consequences when these conditions are 
not satisfied. Following this, we explore the processing of continuous-time signals that 
have been converted to discrete-time signals through sampling. Finally, we examine the 
sampling of discrete-time signals and the related concepts of decimation and interpola- 
tion. 


7.1 REPRESENTATION OF A CONTINUOUS-TIME SIGNAL BY ITS SAMPLES: 
THE SAMPLING THEOREM 


In general, in the absence of any additional conditions or information, we would not expect 
that a signal could be uniquely specified by a sequence of equally spaced samples. For 
example, in Figure 7.1 we illustrate three different continuous-time signals, all of which 
have identical values at integer multiples of Т; that is, 


x\(KT) = xo(kT) = x3(kT). 


Clearly, an infinite number of signals can generate a given set of samples. As we 
will see, however, if a signal is band limited—i.e., if its Fourier transform is zero outside 
a finite band of frequencies—and if the samples are taken sufficiently close together in 
relation to the highest frequency present in the signal, then the samples uniquely specify 
the signal, and we can reconstruct it perfectly. This result, known as the sampling theorem, 
is of profound importance in the practical application of the methods of signal and system 
analysis. 


хз() x(t) xo(t) 





Figure 7.1 Three continuous-time signals with identical values at integer 
multiples of T. 
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7.1.1 Impulse-Train Sampling 


In order to develop the sampling theorem, we need a convenient way in which to represent 
the sampling of a continuous-time signal at regular intervals. A useful way to do this is 
through the use of a periodic impulse train multiplied by the continuous-time signal х(ї) 
that we wish to sample. This mechanism, known as impulse-train sampling, is depicted 
in Figure 7.2. The periodic impulse train p(t) is referred to as the sampling function, the 
period T as the sampling period, and the fundamental frequency of p(t), ws = 27/T, as 
the sampling frequency. In the time domain, 


Xp(t) = x(t)p(t), (7.1) 
where 
+20 
pt) = > &(t— nT). (7.2) 


Because of the sampling property of the unit impulse discussed in Section 1.4.2, we 
know that multiplying x(t) by a unit impulse samples the value of the signal at the point at 
which the impulse is located; i.e., x(t)6(t — to) = x(to)8(t — to). Applying this to eq. (7.1), 
we see, as illustrated in Figure 7.2, that x,(t) is an impulse train with the amplitudes of 


ptt) 


x(t) Xp(t) 





0 t Figure 7.2 |mpulse-train sampling. 
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the impulses equal to the samples of x(t) at intervals spaced by T; that is, 


+% 


xp(t) = > x(nT)d(t — nT). (7.3) 


п=-® 


From the multiplication property (Section 4.5), we know that 


1 +x 
X,«) = = Í X(jw)P(i(w — @))аб. (7.4) 
and from Example 4.8, 
р 2т Toc 
Aja) = = 2.99 — kas). (7.5) 


Since convolution with an impulse simply shifts a signal [i.e., X(jw) * 6(@ — wo) = 
X(j(@ — wo))], it follows that 


1s 
Xp(jo) = 7 >, ХО} — kws)). (7.6) 


К=—= 


That is, X,( jw) is a periodic function of о consisting of a superposition of shifted replicas 
of X(jw), scaled by 1/T, as illustrated in Figure 7.3. In Figure 7.3(c), wm < (ws — wm), 
or equivalently, ws > 20м, and thus there is no overlap between the shifted replicas of 
X (jw), whereas in Figure 7.3(d), with ws < 2«y, there is overlap. For the case illustrated 
in Figure 7.3(c), X(jw) is faithfully reproduced at integer multiples of the sampling fre- 
quency. Consequently, if ws > 20м, x(t) can be recovered exactly from x,(r) by means of 


Хо) 


Figure 7.3 Effect in the frequency 
domain of sampling in the time do- 
main: (a) spectrum of original signal; 
(b) spectrum of sampling function; 
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Figure 7.3 Continued (c) spectrum 
of sampled signal with о; > 20у; 

(d) spectrum of sampled signal with 
Ws < 20у. 


a lowpass filter with gain T and a cutoff frequency greater than ww and less than ws — wm, 
as indicated in Figure 7.4. This basic result, referred to as the sampling theorem, can be 
stated as follows: ! 


Sampling Theorem: 
Let x(t) be a band-limited signal with X( jc) = 0 for e| > wy. Then x(t) is uniquely 
determined by its samples x(nT), n = 0, +1, +2,..., if 


ws > 20м, 


_ 2m 
Ej 


Ws 


Given these samples, we can reconstruct x(t) by generating a periodic impulse train in 
which successive impulses have amplitudes that are successive sample values. This 
impulse train is then processed through an ideal lowpass filter with gain T and cutoff 
frequency greater than wy and less than ws — wy. The resulting output signal will 
exactly equal x(t). 


"Тһе important and elegant sampling theorem was available for many years in a variety of forms in 
the mathematics literature. See, for example, J. M. Whittaker, “Interpolatory Function Theory," (New York: 
Stecher-Hafner Service Agency, 1964), chap. 4. It did not appear explicitly in the literature of communication 
theory until the publication in 1949 of the classic paper by Shannon entitled “Communication in the Presence of 
Noise" (Proceedings of the IRE, January 1949, pp. 10—21). However, H. Nyquist in 1928 and D. Gabor in 1946 
had pointed out, based on the use of the Fourier Series, that 27W numbers are sufficient to represent a function 
of duration T and highest frequency W. [H. Nyquist, “Certain Topics in Telegraph Transmission Theory," AIEE 
Transactions, 1928, p. 617; D. Gabor, “Theory of Communication," Journal of IEE 93, no. 26 (1946), p. 429.] 
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p(t) = У 50 = nT) 
n= -- 


t 
xit Oz ны xl) 


(а) 


X(jw) 
1 

— Oy ом [9] 
(b) 

Xp (jo) 

1 (05,27 20y 

1 

— «5 —wM wM Os [б] 
(с) 
H(jo) 
T Gy <ос <(Ws — әу) 
—We We Ww 
(d) 
Figure 7.4 Exact recovery of a 

X, (je) continuous-time signal from its sam- 

К ples using an ideal lowpass filter: 

1 (a) system for sampling and recon- 
struction; (b) representative spectrum 
for x(t); (c) corresponding spectrum 
for x;(t); (d) ideal lowpass filter to re- 

— Wy ом w 


cover X(jw) from X,(jw); (e) spectrum 
(е) of x(t). 
The frequency 2@ м, which, under the sampling theorem, must be exceeded by the sam- 
pling frequency, is commonly referred to as the Nyquist rate.? 

As discussed in Chapter 6, ideal filters are generally not used in practice for a va- 
riety of reasons. In any practical application, the ideal lowpass filter in Figure 7.4 would be 


"The frequency wm corresponding to one-half the Nyquist rate is often referred to as the Nyquist fre- 
quency. 
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replaced by a nonideal filter H( jw) that approximated the desired frequency character- 
istic accurately enough for the problem of interest (i.e., H(jw) = 1 for |o| < wy, and 
H(jo) = 0 for |ш| > ws — wy). Obviously, any such approximation in the lowpass filter- 
ing stage will lead to some discrepancy between x(t) and x,(r) in Figure 7.4 or, equiva- 
lently, between X( jw) and X,( jw). The particular choice of nonideal filter is then dictated 
by the acceptable level of distortion for the application under consideration. For conve- 
nience and to emphasize basic principles such as the sampling theorem, we will regularly 
assume the availability and use of ideal filters throughout this and the next chapter, with the 
understanding that in practice such a filter must be replaced by a nonideal filter designed 
to approximate the ideal characteristics accurately enough for the problem at hand. 


7.1.2 Sampling with a Zero-Order Hold 


The sampling theorem, which is most easily explained in terms of impulse-train sampling, 
establishes the fact that a band-limited signal is uniquely represented by its samples. In 
practice, however, narrow, large-amplitude pulses, which approximate impulses, are also 
relatively difficult to generate and transmit, and it is often more convenient to generate the 
sampled signal in a form referred to as a zero-order hold. Such a system samples x(t) at 
a given instant and holds that value until the next instant at which a sample is taken, as 
illustrated in Figure 7.5. The reconstruction of x(r) from the output of a zero-order hold 
can again be carried out by lowpass filtering. However, in this case, the required filter 
no longer has constant gain in the passband. To develop the required filter characteristic, 
we first note that the output x(t) of the zero-order hold can in principle be generated by 
impulse-train sampling followed by an LTI system with a rectangular impulse response, as 
depicted in Figure 7.6. To reconstruct x(t) from xo(1), we consider processing хо(г) with an 
LTI system with impulse response h,(t) and frequency response H,( jw). The cascade of 
this system with the system of Figure 7.6 is shown in Figure 7.7, where we wish to specify 
H,( ja) so that r(t) = x(t). Comparing the system in Figure 7.7 with that in Figure 7.4, 
we see that r(r) = x(t) if the cascade combination of ho(t) and h,(t) is the ideal lowpass 
filter H( jw) used in Figure 7.4. Since, from Example 4.4 and the time-shifting property 
in Section 4.3.2, 


»|2si 
Ho(jo) = e eT? [erm (7.7) 
w 
this requires that 
| Е ei®TRH( jw) 
Hio) = упот?) к 


w 


r paa NE РЕ x 
x(t) Zero-order | Xo (t) 
hold 


Figure 7.5 Sampling utilizing a zero-order holc. 
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Xo (t) 





x(t) 





Figure 7.6 Zero-order hold as 
impulse-train sampling followed by an 
LTI system with a rectangular impulse 
t response. 


x(t) r(t) 





Figure 7.7 Cascade of the representation of a zero-order hold (Figure 7.6) 
with a reconstruction filter. 
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| H, (jw) | 


Figure 7.3 Magnitude and phase 
for the reconstruction filter for a zero- 
order hold. 





For example, with the cutoff frequency of H( jw) equal to w,/2, the ideal magnitude and 
phase for the reconstruction filter following a zero-order hold is that shown in Figure 7.8. 

Once again, in practice the frequency response in eq. (7.8) cannot be exactly realized, 
and thus an adequate approximation to it must be designed. In fact, in many situations, the 
output of the zero-order hold is considered an adequate approximation to the original signal 
by itself, without any additional lowpass filtering, and in essence represents a possible, al- 
though admittedly very coarse, interpolation between the sample values. Alternatively, in 
some applications, we may wish to perform some smoother interpolation between sample 
values. In the next section, we explore in more detail the general concept of interpreting 
the reconstruction of a signal from its samples as a process of interpolation. 


7.2 RECONSTRUCTION OF A SIGNAL FROM ITS SAMPLES 


USING INTERPOLATION 


Interpolation, that is, the fitting of a continuous signal to a set of sample values, is a 
commonly used procedure for reconstructing a function, either approximately or exactly, 
from samples. One simple interpolation procedure is the zero-order hold discussed in 
Section 7.1. Another useful form of interpolation is linear interpolation, whereby adja- 
cent sample points are connected by a straight line, as illustrated in Figure 7.9. In more 


x: Figure 7.9 Linear interpolation be- 

` tween sample points. The dashed curve 
represents the original signal and the 

t solid curve the linear interpolation. 
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complicated interpolation formulas, sample points may be connected by higher order poly- 
nomials or other mathematical functions. 

As we have seen in Section 7.1, for a band-limited signal, if the sampling instants 
are sufficiently close, then the signal can be reconstructed exactly; i.e., through the use 
of a lowpass filter, exact interpolation can be carried out between the sample points. The 
interpretation of the reconstruction of x(t) as a process of interpolation becomes evident 
when we consider the effect in the time domain of the lowpass filter in Figure 7.4. In 
particular, the output is 


x(t) = xp(t) * h(t) 


or, with x(t) given by eq. (7.3), 


+оо 


x(t) = У x(nT)h(t — nT). (7.9) 


n--o 


Equation (7.9) describes how to fit a continuous curve between the sample points 
x(nT) and consequently represents an interpolation formula. For the ideal lowpass filter 
Н(јо) in Figure 7.4, 


h(t) = wT а (7.10) 
TW ct 
so that 
= wT sin(w,(t — nT)) 


x(t) = >, x(nT) 


п=—® 





T в‹(ї—пТ) ы 


The reconstruction according to eq. (7.11) with we = w,/2 is illustrated in Figure 7.10. 
Figure 7.10(a) represents the original band-limited signal x(t), and Figure 7.10(b) rep- 
resents x,(t), the impulse train of samples. In Figure 7.10(c), the superposition of the 
individual terms in eq. (7.11) is illustrated. 

Interpolation using the impulse response of an ideal lowpass filter as in eq. (7.11) 
is commonly referred to as band-limited interpolation, since it implements exact re- 
construction if x(f) is band limited and the sampling frequency satisfies the condi- 
tions of the sampling theorem. As we have indicated, in many cases it is preferable 
to use a less accurate, but simpler, filter or, equivalently, a simpler interpolating func- 
tion than the function in eq. (7.10). For example, the zero-order hold can be viewed 
as a form of interpolation between sample values in which the interpolating function 
h(t) is the impulse response ho(t) depicted in Figure 7.6. In that sense, with xo(t) 
in the figure corresponding to the approximation to x(t), the system ho(t) represents 
an approximation to the ideal lowpass filter required for the exact interpolation. Fig- 
ure 7.11 shows the magnitude of the transfer function of the zero-order-hold interpo- 
lating filter, superimposed on the desired transfer function of the exact interpolating 
filter. 

Both from Figure 7.11 and from Figure 7.6, we see that the zero-order hold is a very 
rough approximation, although in some cases it is sufficient. For example, if additional 
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x(t) 


(a) 





Figure 7.10 Ideal band-limited in- 
terpolation using the sinc function: 

(a) band-limited signal x(t); (b) im- 
pulse train of samples of x(t); (c) ideal 
band-limited interpolation in which the 
impulse train is replaced by a superpo- 
(с) sition of sinc functions [eq. (7.11)]. 





ІН, (jw)! 







= ideal interpolating 
filter 


Zero-order 
hold 


Figure 7.11 Transfer function for 
the zero-order hold and for the ideal 
interpolating filter. 


о), 
a. x 0 т = 


lowpass filtering is naturally applied in a given application, it will tend to improve 
the overall interpolation. This is illustrated in the case of pictures in Figure 7.12. Fig- 
ure 7.12(a) shows pictures with impulse sampling (i.e., sampling with spatially nar- 
row pulses). Figure 7.12(b) is the result of applying a two-dimensional zero-order 
hold to Figure 7.12(a), with a resulting mosaic effect. However, the human visual 
system inherently imposes lowpass filtering, and consequently, when viewed at a dis- 
tance, the discontinuities in the mosaic are smoothed. For example, in Figure 7.12(c) a 
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(c) 


Figure 7.12 (a) The original pictures of Figures 6.2(a) and (g) with impulse sam- 
pling; (b) zero-order hold applied to the pictures in (a). The visual system naturally 
introduces lowpass filtering with a cutoff frequency that decreases with distance. 
Thus, when viewed at a distance, the discontinuities in the mosaic in Figure 7.12(b) 
are smoothed; (c) result of applying a zero-order hold after impulse sampling with 
one-fourth the horizontal and vertical spacing used in (a) and (b). 
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zero-order hold is again used, but here the sample spacing in each direction is one-fourth 
that in Figure 7.12(a). With normal viewing, considerable lowpass filtering is naturally 
applied, although the mosaic effect is still evident. 

If the crude interpolation provided by the zero-order hold is insufficient, we can use 
a variety of smoother interpolation strategies, some of which are known collectively as 
higher order holds. In particular, the zero-order hold produces an output signal, as in Fig- 
ure 7.5, that is discontinuous. In contrast, linear interpolation, as illustrated in Figure 7.9, 
yields reconstructions that are continuous, although with discontinous derivatives due to 
the changes in slope at the sample points. Linear interpolation, which is sometimes referred 
to as a first-order hold, can also be viewed as interpolation in the form of Figure 7.4 and 
eq. (7.9) with A(t) triangular, as illustrated in Figure 7.13. The associated transfer function 
is also shown in the figure and is 


sin(wT/2) | 


| 1 
H(jw) = 7| on (7.12) 
The transfer function of the first-order hold is shown superimposed on the transfer function 
for the ideal interpolating filter. Figure 7.14 corresponds to the same pictures as those in 
Figure 7.12(b), but with a first-order hold applied to the sampled picture. In an analogous 
fashion, we can define second- and higher order holds that produce reconstructions with a 
higher degree of smoothness. For example, the output of a second-order hold provides an 
interpolation of the sample values that is continuous and has a continuous first derivative 


and discontinuous second derivative. 


p(t) 


| xp(t) h(t) 
x(t) — (x) x(t) 


(a) 





Figure 7.13 Linear interpolation 

h(t) (first-order hold) as impulse-train sam- 
pling followed by convolution with a 

1 triangular impulse response: (a) sys- 
tem for sampling and reconstruction; 
(b) impulse train of samples; (c) im- 

=T T t pulse response representing a first- 
(c) order hold; 


Chapter 7 Sampling 527 











Ideal interpolating 
filter 


First-order | : . 
hold Figure 7.13 Continued (d) first- 


order hold applied to the sampled sig- 


= ú 0 w w. © nal; (e) comparison of transfer function 
5 ш ? 5 of ideal interpolating filter and first- 
(e) order hold. 


7.3 THE EFFECT OF UNDERSAMPLING: ALIASING 


In previous sections in this chapter, it was assumed that the sampling frequency was 
sufficiently high that the conditions of the sampling theorem were met. As illustrated in 
Figure 7.3, with о, > 20м, the spectrum of the sampled signal consists of scaled repli- 
cations of the spectrum of x(t), and this forms the basis for the sampling theorem. When 





(a) 


Figure 7.14 Result of applying a first-order hold rather than a zero-order hold af- 
ter impulse sampling with one-third the horizontal and vertical spacing used in Fig- 
ures 7.12(a) and (b). 
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ws < 20м, X(jw), the spectrum of x(t), is no longer replicated in X5( jw) and thus is 
no longer recoverable by lowpass filtering. This effect, in which the individual terms in 
eq. (7.6) overlap, is referred to as aliasing, and in this section we explore its effect and 
consequences. 

Clearly, if the system of Figure 7.4 is applied to a signal with о; < 20у, the 
reconstructed signal x,(t) will no longer be equal to x(t). However, as explored in 
Problem 7.25, the original signal and the signal x,(t) that is reconstructed using band- 
limited interpolation will always be equal at the sampling instants; that is, for any choice 
of ws, 


x,(nT) = x(nT), 5n. 0261, ED ccs (7.13) 


Some insight into the relationship between x(t) and x,(t) when о; < 20у is pro- 
vided by considering in more detail the comparatively simple case of a sinusoidal signal. 
Thus, let 


x(t) = cos oot, (7.14) 


with Fourier transform X(jw) as indicated in Figure 7.15(a). In this figure, we have 
graphically distinguished the impulse at « from that at —« for convenience. Let us 
consider X,(jw), the spectrum of the sampled signal, and focus in particular on the 
effect of a change in the frequency wo with the sampling frequency w, fixed. In Fig- 
ures 7.15(b)-(e), we illustrate X,(jw) for several values of ор. Also indicated by a 
dashed line is the passband of the lowpass filter of Figure 7.4 with о, = w,/2. Note 
that no aliasing occurs in (b) and (c), since wọ < w,/2, whereas aliasing does occur 
in (d) and (e). For each of the four cases, the lowpass filtered output x,(t) is given as 
follows: 











(a) wo = T X(t) = coswot = x(t) 
(b) w = es, x,(t) = coswot = x(t) 
© w = E; x0 = costo, = уг х0) 
(d) wo = = X(t) = cos(ws — wo)t # x(t). 


When aliasing occurs, the original frequency wo takes on the identity of a lower fre- 
quency, ws — оо. For ws/2 < wo < ws, as wo increases relative to ws, the output frequency 
ws — wo decreases. When ws = wo, for example, the reconstructed signal is a constant. 
This is consistent with the fact that, when sampling once per cycle, the samples are all 
equal and would be identical to those obtained by sampling a constant signal (wọ = 0). 
In Figure 7.16, we have depicted, for each of the four cases in Figure 7.15, the signal x(t), 
its samples, and the reconstructed signal x, (t). From the figure, we can see how the lowpass 
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Figure 7.15 Effect іп the frequency 
domain of oversampling and under- 
sampling: (a) spectrum of original si- 
nusoidal signal; (b), (c) spectrum of 
sampled signal with ws > 2%; (d), 
(e) spectrum of sampled signal with 
ws < 2w. AS we increase wy in mov- 
ing from (b) through (d), the impulses 
drawn with solid lines move to the 
right, while the impulses drawn with 
dashed lines move to the left. In (d) 
and (e), these impulses have moved 
sufficiently that there is a change in the 
ones falling within the passband of the 
ideal lowpass filter. 


filter interpolates between the samples, in particular always fitting a sinusoid of frequency 


less than w,/2 to the samples of x(t). 


As a variation on the preceding examples, consider the signal 


x(t) = cos(wot + ф). 


(7.15) 
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In this case, the Fourier transform of x(t) is essentially the same as Figure 7.15(a), ex- 
cept that the impulse indicated with a solid line now has amplitude zre/?, while the 
impulse indicated with a dashed line has amplitude with the opposite phase, namely, 
ae /*. If we now consider the same set of choices for wo as in Figure 7.15, the re- 
sulting spectra for the sampled versions of cos(wot + ф) are exactly as in the figure, 
with all solid impulses having amplitude zre/® and all dashed ones having amplitude 
ae J?. Again, in cases (b) and (c) the condition of the sampling theorem is met, so 
that x,(f) = cos(wot + ф) = x(t), while in (d) and (e) we again have aliasing. How- 
ever, we now see that there has been a reversal in the solid and dashed impulses ap- 
pearing in the passband of the lowpass filter. As a result, we find that in these cases, 
x,(t) = cos[(w; —«9)t — ф], where we have a change in the sign of the phase ф, i.e., a phase 
reversal. 

It is important to note that the sampling theorem explicity requires that the sampling 
frequency be greater than twice the highest frequency in the signal, rather than greater 
than or equal to twice the highest frequency. The next example illustrates that sampling a 
sinusoidal signal at exactly twice its frequency (i.e., exactly two samples per cycle) is not 
sufficient. 


Example 7.1 


35 Consider the sinusoidal signal 
x(t) = cos ($ + в) 


_ and suppose that this signal is sampled, using impulse sampling, at exactly twice the 

frequency of the sinusoid, i.e., at sampling frequency w,. As shown in Problem 7.39, if 

... this impulse-sampled signal is applied as the input to an ideal lowpass filter with cutoff 
- frequency w,/2, the resulting output is 


x,(t) = (cos) cos (5) 


— — As a consequence, we see that perfect reconstruction of x(t) occurs only in the case in 
__ which the phase ¢ is zero (or an integer multiple of 27). Otherwise, the signal x, (t) does 
not equal x(t). 

As an extreme example, consider the case in which ф == — 77/2, so that 


x(t) = sin (5), 


This signal is sketched in Figure 7.17. We observe that the values of the signal at integer 
multiples of the sampling period 27/«, are zero. Consequently, sampling at this rate 
produces a signal that is identically zero, and when this zero input is applied to the ideal 
_ lowpass filter, the resulting output x,(t) is also identically zero. 
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Figure 7.17 Sinusoidal signal for Example 7.1. 


The effect of undersampling, whereby higher frequencies are reflected into lower 
frequencies, is the principle on which the stroboscopic effect is based. Consider, for exam- 
ple, the situation depicted in Figure 7.18, in which we have a disc rotating at a constant rate 
with a single radial line marked on the disc. The flashing strobe acts as a sampling system, 
since it illuminates the disc for extremely brief time intervals at a periodic rate. When the 
strobe frequency is much higher than the rotational speed of the disc, the speed of rotation 
of the disc is perceived correctly. When the strobe frequency becomes less than twice the 
rotational frequency of the disc, the rotation appears to be at a lower frequency than is actu- 
ally the case. Furthermore, because of phase reversal, the disc will appear to be rotating in 
the wrong direction! Roughly speaking, if we track the position of a fixed line on the disc 
at successive samples, then when wọ < ws < 2000, so that we sample somewhat more fre- 
quently than once per revolution, samples of the disc will show the fixed line in positions 
that are successively displaced in a counterclockwise direction, opposite to the clockwise 
rotation of the disc itself. At one flash per revolution, corresponding to ws = wo, the radial 
line appears stationary (i.e., the rotational frequency of the disc and its harmonics have 
been aliased to zero frequency). A similar effect is commonly observed in Western movies, 


Rotating disc 


Strobe Figure 7.18 Strobe effect. 
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where the wheels of a stagecoach appear to be rotating more slowly than would be consis- 
tent with the coach’s forward motion, and sometimes in the wrong direction. In this case, 
the sampling process corresponds to the fact that moving pictures are a sequence of indi- 
vidual frames with a rate (usually between 18 and 24 frames per second) corresponding 
to the sampling frequency. 

The preceding discussion suggests interpreting the stroboscopic effect as an exam- 
ple of a useful application of aliasing due to undersampling. Another practical application 
of aliasing arises in a measuring instrument referred to as a sampling oscilloscope. This 
instrument is intended for observing very high-frequency waveforms and exploits the prin- 
ciples of sampling to alias these frequencies into ones that are more easily displayed. The 
sampling oscilloscope is explored in more detail in Problem 7.38. 


7.4 DISCRETE-TIME PROCESSING OF CONTINUOUS-TIME SIGNALS 


In many applications, there is a significant advantage offered in processing a continuous- 
time signal by first converting it to a discrete-time signal and, after discrete-time process- 
ing, converting back to a continuous-time signal. The discrete-time signal processing can 
be implemented with a general- or special-purpose computer, with microprocessors, or 
with any of the variety of devices that are specifically oriented toward discrete-time signal 
processing. 

In broad terms, this approach to continuous-time signal processing can be viewed 
as the cascade of three operations, as indicated in Figure 7.19, where x,(t) and ye(t) are 
continuous-time signals and x; [n] and ya[n] are the discrete-time signals corresponding to 
Xc(t) and y, (t). The overall system is, of course, a continuous-time system in the sense that 
its input and output are both continuous-time signals. The theoretical basis for converting 
a continuous-time signal to a discrete-time signal and reconstructing a continuous-time 
signal from its discrete-time representation lies in the sampling theorem, as discussed 
in Section 7.1. Through the process of periodic sampling with the sampling frequency 
consistent with the conditions of the sampling theorem, the continuous-time signal x,(t) 
is exactly represented by a sequence of instantaneous sample values х.(пТ); that is, the 
discrete-time sequence x, [n] is related to xe(t) by 


aln] = x-(nT). (7.16) 


i 
i L 
1 L 
хап] [n] 
X(t) : Conversion to 22 Discrete-time Yd onversion to П ye(t) 
discrete time system continous time | | x 
1 


Figure 7.19  Discrete-time processing of continuous-time signals. 
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The transformation of x,(f) to ха[л] corresponding to the first system in Figure 7.19 will 
be referred to as continuous-to-discrete-tinie conversion and will be abbreviated C/D. The 
reverse operation corresponding to the third system in Figure 7.19 will be abbreviated D/C, 
representing discrete-time to continuous-time conversion. The D/C operation performs an 
interpolation between the sample values provided to it as input. That is, the D/C operation 
produces a continuous-time signal y,(t) which is related to the discrete-time signal yj [n] 
by 


yaln] = y-(nT). 


This notation is made explicit in Figure 7.20. In systems such as digital computers and 
digital systems for which the discrete-time signal is represented in digital form, the device 
commonly used to implement the C/D conversion is referred to as ап analog-to-digital (A- 
to-D) converter, and the device used to implement the D/C conversion is referred to as a 
digital-to-analog (D-to-A) converter. 


xa [n] = x, (nT n] = y, (nT 
x.t C/D aln] = хе (nT) Discrete -Time Ya ln] = ус (nT) D/C Ус (t) 
с (0 сопуегѕіоп System conversion 


| 


T T 


Figure 7.20 Notation for continuous-to-discrete-time conversion and 
discrete-to-continuous-time conversion. 7 represents the sampling period. 


To understand further the relationship between the continuous-time signal xe(ft) and 
its discrete-time representation x; [n], it is helpful to represent C/D as a process of periodic 
sampling followed by a mapping of the impulse train to a sequence. These two steps are 
illustrated in Figure 7.21. In the first step, representing the sampling process, the impulse 
train x,(t) corresponds to a sequence of impulses with amplitudes corresponding to the 
samples of x.(f) and with a time spacing equal to the sampling period Т. In the conver- 
sion from the impulse train to the discrete-time sequence, we obtain xy[n], corresponding 
to the same sequence of samples of x, (t), but with unity spacing in terms of the new in- 
dependent variable n. Thus, in effect, the conversion from the impulse train sequence of 
samples to the discrete-time sequence of samples can be thought of as a normalization in 
time. This normalization in converting х „(7) to x;[n] is evident in Figures 7.21(b) and (c), 
in which x,(t) and x;[n] are respectively illustrated for sampling rates of T = T, and 
T = 2 T^. 

It is also instructive to examine the processing stages in Figure 7.19 in the frequency 
domain. Since we will be dealing with Fourier transforms in both continuous and dis- 
crete time, in this section only we distinguish the continuous-time and discrete-time fre- 
quency variables by using w in continuous time and €) in discrete time. For example, the 
continuous-time Fourier transforms of x(t) and y,(t) are X.( jw) and Y,( jw), respectively, 
while the discrete-time Fourier transforms of x;[n] and yg[n] are X;(eJ€) and Y (eJ), 
respectively. 
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C/D conversion 


Conversion of 


impulse train E 
to discrete-time’ хап] = xc (nt) 
sequence 








—4-3-2-10 1234 n =4 -3-2-1 0 123 4 п 
(c) 


Figure 7.21 Sampling with a periodic impulse train followed by conversion 
to a discrete-time sequence: (a) overall system; (b) x;(f) for two sampling 
rates. The dashed envelope represents x,(f); (c) the output sequence for the 
two different sampling rates. 


To begin let us express X,(jw), the continuous-time Fourier transform of x,(t), 
in terms of the sample values of x.(r) by applying the Fourier transform to eq. (7.3). 
Since 


xp(t) = У x-(nT)8(t — nT), (7.17) 


п=—©® 


and since the transform of 5(t — nT) is e~/®"", it follows that 


+оо 


X,(jo) = У x.(nT)e JT (7.18) 


п=-® 
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Now consider the discrete-time Fourier transform of x; [n], that is, 


+20 


X4(e/9) = У хд{п]е 70", (7.19) 
or, using eq. (7.16), 
T 
X4(e/9) = > x. (nT)e ^, (7.20) 


Comparing eqs. (7.18) and (7.20), we see that X4(eJ€9) and X p(jæ) are related through 
Ха(е?®) = X,(jQ/T). (7.21) 
Also, recall that, as developed in eq. (7.6) and illustrated in Figure 7.3, 


i = 
Xo) = т >, Хе} — kws)). (7.22) 
К=— 
Consequently, 
: { #2 А 
X4(e/*) = F 25 j(Q — 27kyT). (7.23) 


The relationship among X,( jv), Xp( jo), and X,(e/®) is illustrated in Figure 7.22 
for two different sampling rates. Here, X,(e/%) is a frequency-scaled version of X po) 


X. (jo) X. (іє) 





-2т 2т о —2mT Qa 


Figure 7.22 Relationship between X,(jw), Xp(/w), and Xq(e!) for two dif- 
ferent sampling rates. 
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and, in particular, is periodic in Q with period 27r. This periodicity is, of course, charac- 
teristic of any discrete-time Fourier transform. The spectrum of x; [n] is related to that of 
хс(ї) through periodic replication, represented by eq. (7.22), followed by linear frequency 
scaling, represented by eq. (7.21). The periodic replication is a consequence of the first 
step in the conversion process in Figure 7.21, namely, the impulse-train sampling. The 
linear frequency scaling in eq. (7.21) can be thought of informally as a consequence of 
the normalization in time introduced by converting from the impulse train x,(t) to the 
discrete-time sequence x; [n]. From the time-scaling property of the Fourier transform in 
Section 4.3.5, scaling of the time axis by 1/T will introduce a scaling of the frequency 
axis by T. Thus, the relationship О = wT is consistent with the notion that, in converting 
from x,(t) to x; [n], the time axis is scaled by 1/T. 

In the overall system of Figure 7.19, after processing with a discrete-time system, 
the resulting sequence is converted back to a continuous-time signal. This process is the 
reverse of the steps in Figure 7.21. Specifically, from the sequence y4[n], a continuous- 
time impulse train y,(t) can be generated. Recovery of the continuous-time signal y,(t) 
from this impulse train is then accomplished by means of lowpass filtering, as illustrated 
in Figure 7.23. 


D/C conversion 


Conversion of 
discrete-time 


sequence to 
impulse train 


Figure 7.23 Conversion of a 
discrete-time sequence to a continuous- 
time signal. 


Now let us consider the overall system of Figure 7.19, represented as shown in Fig- 
ure 7.24. Clearly, if the discrete-time system is an identity system (i.e., xg[n] = yg[n]), 
then, assuming that the conditions of the sampling theorem are met, the overall system 
will be an identity system. The characteristics of the overall system with a more general 
frequency response H,(e/9) are perhaps best understood by examining the representative 
example depicted in Figure 7.25. On the left-hand side of the figure are the representative 












impulse train 
to sequence 


sequence to 
impulse train 





Figure 7.24 Overall system for filtering a continuous-time signal using a discrete- 
time filter. 
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spectra X.( jw), X,(jw), and Xa(e/^)), where we assume that wy « w,/2, so that there is 
no aliasing. The spectrum Y,(e/*) corresponding to the output of the discrete-time filter is 
the product of X4(eJ€) and Hy(e/®), and this is depicted in Figure 7.25(d) by overlaying 
H,(e!®) and X,(e/€ ). The transformation to ¥,(jw) then corresponds to applying a fre- 
quency scaling and lowpass filtering, resulting in the spectra indicated in Figure 7.25(e) 
and (f). Since Y4(e/9) is the product of the two overlaid spectra in Figure 7.25(d), the 
frequency scaling and lowpass filtering are applied to both. In comparing Figures 7.25(a) 
and (f), we see that 


Y.(jo) = X,(jw)Hu(e!”"). (7.24) 


Consequently, for inputs that are sufficiently band limited, so that the sampling theorem is 
satisfied, the overall system of Figure 7.24 is, in fact, equivalent to a continuous-time LTI 
system with frequency response H,( jw) which is related to the discrete-time frequency 
response H4(e/9) through 


‚у — | Hate" T), |о| € w,/2 
H.(jo) la pul ra" (7.25) 


The equivalent frequency response for this continuous-time filter is one period of the 
frequency response of the discrete-time filter with a linear scale change applied to the 
frequency axis. This relationship between the discrete-time frequency response and 
the equivalent continuous-time frequency response is illustrated in Figure 7.26. 

The equivalence of the overall system of Figure 7.24 to an LTI system is somewhat 
surprising in view of the fact that multiplication by an impulse train is not a time-invariant 
operation. In fact, the overall system of Figure 7.24 is not time invariant for arbitrary in- 
puts. For example, if x(t) was a narrow rectangular pulse of duration less than T, then a 
time shift of x,(t) could generate a sequence x[n] that either had all zero values or had 
one nonzero value, depending on the alignment of the rectangular pulse relative to the 


Hg (ei) 
=f, 0 d 2т Q 


Figure 7.26  Discrete-time fre- 
quency response and the equivalent 
N 9. w continuous-time frequency response 
T for the system of Figure 7.24. 
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sampling impulse train. However, as suggested by the spectra of Figure 7.25, for band- 
limited input signals with a sampling rate sufficiently high so as to avoid aliasing, the 
system of Figure 7.24 is equivalent to a continuous-time LTI system. For such inputs, 
Figure 7.24 and eq. (7.25) provide the conceptual basis for continuous-time processing 
using discrete-time filters. This is now explored further in the context of some examples. 


7.4.1 Digital Differentiator 


Consider the discrete-time implementation of a continuous-time band-limited differenti- 
ating filter. As discussed in Section 3.9.1, the frequency response of a continuous-time 
differentiating filter is 


Ho) = jo, (7.26) 
and that of a band-limited differentiator with cutoff frequency о, is 


lo| < we 
lw| > we’ 


H.(jw) = [P (727) 


as sketched in Figure 7.27. Using eq. (7.25) with a sampling frequency о; = 2w,, we see 
that the corresponding discrete-time transfer function is 


нге?) = il) Ю|< «, (7.28) 


as sketched in Figure 7.28. With this discrete-time transfer function, y,(f) in Figure 7.24 
will be the derivative of x,(t), assuming that there is no aliasing in sampling xe(t). 


| He (jw) | 


Oc 


— We w 


X He (jw) 


Figure 7.27 Frequency response 
of a continuous-time ideal band-limited 
differentiator H.(jw) = јо, |®| < we. 
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Figure 7.28 Frequency response 
© of discrete-time filter used to imple- 
=з ment a continuous-time band-limited 


differentiator. 


Example 7.2 


By considering the output of the digital differentiator for a continuous-time sinc input, 
we may conveniently determine the impulse response A; [n] of the discrete-time filter in 


- the implementation of the digital differentiator. With reference to Figure 7.24, let 


sin(7t/T) 
qt ' 


x(t) = 


where T is the sampling period. Then 


1, lol< zT 
0, otherwise ' 


Xo) = | 


(7.29) 


which is sufficiently band limited to ensure that sampling x,(t) at frequency о, = 27/T 
does not give rise to any aliasing. It follows that the output of the digital differentiator is 


cos(t/T) _ sin(mt/T) 
Tt mÈ ` 





d 
y(t) = ae) = 


(7.30) 


For x,(t) as given by eq. (7.29), the corresponding signal x;[n] in Figure 7.24 may 


be expressed as 
xalan] = x-(nT) = job (7.31) 


That is, for n # 0, x,(nT) = 0, while 


1 
ха[0] = x,(0) = T 


which can be verified by l' Hópital's rule. We can similarly evaluate y; [n] in Figure 7.24 


; corresponding to ye(t) in eq. (7.30). Specifically 


(= 
pld = ye(nT) =} ,p2^ ^79. (7.32) 
0 n=0 
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which can be verified for п # 0 by direct substitution into eq. (7.30) and for n = 0 by 
application of I’ Hópital's rule. 

Thus when the input to the discrete-time filter given by eq. (7.28) is the scaled 
unit impulse in eq. (7.31), the resulting output is given by eq. (7.32). We then conclude 
that the impulse response of this filter is given by 


(-1y 
hin] - 4 "4p ^ "*9 
0, n 


7.4.2 Half-Sample Delay 


In this section, we consider the implementation of a time shift (delay) of a continuous-time 
signal through the use of a system in the form of Figure 7.19. Thus, we require that the 
input and output of the overall system be related by 


yc (t) 26 xc (t = A) (7.33) 


when the input x..(f) is band limited and the sampling rate is high enough to avoid alias- 
ing and where A represents the delay time. From the time-shifting property derived in 
Section 4.3.2 


Y.(jw) = e іХ. (јо). 
From ед. (7.25), the equivalent continuous-time system to be implemented must be band 
limited. Therefore, we take 


; јод || < Wwe 
H(jo)=4o °, Р 34 
Jo) | 0, otherwise м) 


where c, is the cutoff frequency of the continuous-time filter. That is, He( jw) corresponds 
to a time shift as in eq. (7.33) for band-limited signals and rejects all frequencies greater 


than w+. The magnitude and phase of the frequency response are shown in Figure 7.29(a). 
With the sampling frequency о; taken as ws = 2w,, the corresponding discrete-time 


| Heljo) | | Ha(e/?) | 
1 1 
—Ó a Ó—MMMÀ 
— uc We e —T т Q 
—€ Heljo) -4 нае!) 





(а) (b) 


Figure 7.29 (a) Magnitude and phase of the frequency response for a 
continuous-time delay; (b) magnitude and phase of the frequency response 
for the corresponding discrete-time delay. 
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frequency response is 
Не!) = IAT, |0| < т, (7.35) 


and is shown іп Figure 7.29(b). 

For appropriately band-limited inputs, the output of the system of Figure 7.24 with 
H,(e/®) as in eq. (7.35) is a delayed replica of the input. For A/T an integer, the sequence 
ya[n] is a delayed replica of x4[n]; that is, 


A 
yaln] = xa |» == 3! (7.36) 


For A/T not an integer, eq. (7.36), as written, has no meaning, since sequences are defined 
only at integer values of the index. However, we can interpret the relationship between 
x4 [n] and y,[n] in these cases in terms of band-limited interpolation. The signals xe(t) 
and x; [n] are related through sampling and band-limited interpolation, as аге y,(t) and 
уап). With H4(e/€) in eq. (7.35), y4[n] is equal to samples of a shifted version of the 
band-limited interpolation of the sequence x; [n]. This is illustrated in Figure 7.30 with 
A/T — V2, which is sometimes referred to as a half-sample delay. 


xe Xc (t) 


ка Xa [n] = x, (nT) 







yc (t) = Xc t- 2) 






ya In] = yc (AT) = x, п 5)T] 


Figure 7.30 (a) Sequence of sam- 


о T 2T t ples of a continuous-time signal x,(t); 
(b) sequence in (a) with a half-sample 
(b) delay. 


Example 7.3 


_ The approach in Example 7.2 is also applicable to determining the impulse response 
— ha[n] of the discrete-time filter in the half-sample delay system. With reference to Fig- 

Z ure 7.24, let 
T sin(mt/T) 
т ` 


x(t) = (7.37) 
It follows from Example 7.2 that 


xaln] = xc(nT) = 7811) 
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Also, since there is no aliasing for the band-limited input in eq. (7.37), the output of the 
half-sample delay system is 
sin(z(t — Т/2)/Т) 

m(t— T/2) ’ 





Y(t) = x(t — T/2) = 


and the sequence y; [n] in Figure 7.24 is 


sin(a(n — 1) 


= y(nT) = А 
yaln] = у‹(пТ) fas - 1) 


We conclude that 


hn) = sin(ar(n : 1) 
m(n == 5) 


7.5 SAMPLING OF DISCRETE-TIME SIGNALS 


Thus far in this chapter, we have considered the sampling of continuous-time signals, and 
in addition to developing the analysis necessary to understand continuous-time sampling, 
we have introduced a number of its applications. As we will see in this section, a very sim- 
ilar set of properties and results with a number of important applications can be developed 
for sampling of discrete-time signals. 


7.5.1 Irripulse-Train Sampling 


In analogy with continuous-time sampling as carried out using the system of Figure 7.2, 
sampling of a discrete-time signal can be represented as shown in Figure 7.31. Here, the 
new sequence xp[n] resulting from the sampling process is equal to the original sequence 
x[n] at integer multiples of the sampling period N and is zero at the intermediate samples; 
that is, 


хуи] = | x[n], ifn = an integer multiple of N (7.38) 


0, otherwise 


As with continuous-time sampling in Section 7.1, the effect in the frequency do- 
main of discrete-time sampling is seen by using the multiplication property developed in 
Section 5.5. Thus, with 


+оо 
xp[n] = x[n]p[n] = ED x[kN]ó[n — kN], (7.39) 


=—® 


we have, in the frequency domain, 


X,(e) = y | P(e/*)x(e/-9)49. (7.40) 
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x[n] xp[n] 


pln] = 5 5 [n — kN] 


К=—® 


х[п] 


n 
xp[n] 
Figure 7.31  Discrete-time 
n sampling. 


As in Example 5.6, the Fourier transform of the sampling sequence р[л] is 


P(e) = ed > 8(® — kws), (7.41) 


=—% 


where ws, the sampling frequency, equals 27/N. Combining eqs. (7.40) and (7.41), we 
have 


N-1 
X,(e!”) = 42,07) (7.42) 
k- 


Equation (7.42) is the counterpart for discrete-time sampling of eq. (7.6) for 
continuous-time sampling and is illustrated in Figure 7.32. Їп Figure 7.32(c), with 
Qs — юм > wy, от equivalently, ws > 20м, there is no aliasing [i.e., the nonzero portions 
of the replicas of Х(е/°) do not overlap], whereas with ws < 20у, as in Figure 7.32(d), 
frequency-domain aliasing results. In the absence of aliasing, X(e/^) is faithfully repro- 
duced around о = 0 and integer multiples of 27r. Consequently, x[n] can be recovered 
from x,[n| by means of a lowpass filter with gain N and a cutoff frequency greater than 
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Х(е/“) 
EAS 
—2m —wy 0 wy 2т w 
(а) 
P(e”) 
2T 
N \ 
Ws 27 w 
(b) 
хе) 
a 
/ Р.А 
—Wy Wy ©, 2" w 
(с) bM 
X,(e) 
1, 
N PF а ЯВА 
[m 2т w 


(d) 


Figure 7.32 Effect in the frequency domain of impulse-train sampling of a 
discrete-time signal: (a) spectrum of original signal; (b) spectrum of sampling 
sequence; (c) spectrum of sampled signal with ws > 20м; (d) spectrum of 
sampled signal with ws < 2wy. Note that aliasing occurs. 


wy and less than w, — wy, as illustrated in Figure 7.33, where we have specified the 
cutoff frequency of the lowpass filter as w,/2. If the overall system of Figure 7.33(a) is ap- 
plied to a sequence for which w, < 2wy, so that aliasing results, x,[n] will no longer 
be equal to x[n]. However, as with continuous-time sampling, the two sequences will 
be equal at multiples of the sampling period; that is, corresponding to eq. (7.13), we 
have 


xr[kN] = x[kN], EU SET PE ee (7.43) 


independently of whether aliasing occurs. (See Problem 7.46.) 
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р[п] 











-2T — Ory wM 27 


(e) 


Figure 7.33 Exact recovery of a discrete-time signal from its samples us- 
ing an ideal lowpass filter: (a) block diagram for sampling and reconstruction 
of a band-limited signal from its samples; (b) spectrum of the signal x[n]; 

(c) spectrum of x,[n]; (d) frequency response of an ideal lowpass filter with 
cutoff frequency w,/2; (e) spectrum of the reconstructed signal x, [n]. For the 
example depicted here ws > 2« so that no aliasing occurs and consequently 
x[n] = x[n]. 


Example 7.4 
Consider a sequence x[n] whose Fourier transform X(e/^) has the property that 


X(e/"*) = 0 for 27/9 = |о| = т. 


Chapter 7 Sampling 549 
т 


. To determine the lowest rate at which x[n] may be sampled without the possibility of 
aliasing, we must find the largest N such that 


We conclude that Nmax = 4, and the corresponding sampling frequency is 27/4 = 7/2. 


The reconstruction of x[n] through the use of a lowpass filter applied to x,[n] can be 
interpreted in the time domain as an interpolation formula similar to eq. (7.11). With A[n] 
denoting the impulse response of the lowpass filter, we have 


No, sinon 








h[n] = — bs (7.44) 
The reconstructed sequence is then 
хп] = xp[n] * h[n], (7.45) 
or equivalently, 
x[n] = T хим ET RATS (746) 


k=—% 


Equation (7.46) represents ideal band-limited interpolation and requires the implemen- 
tation of an ideal lowpass filter. In typical applications a suitable approximation for the 
lowpass filter in Figure 7.33 is used, in which case the equivalent interpolation formula is 
of the form 
+® 
x[n] = >` x[kNJh,[n — kN], (7.47) 


К=-—©® 


where h,[n] is the impulse response of the interpolating filter. Some specific examples, in- 
cluding the discrete-time counterparts of the zero-order hold and first-order hold discussed 
in Section 7.2 for continuous-time interpolation, are considered in Problem 7.50. 


7.5.2 Discrete-Time Decimation and Interpolation 


There are a variety of important applications of the principles of discrete-time sampling, 
such as in filter design and implementation or in communication applications. In many 
of these applications it is inefficient to represent, transmit, or store the sampled sequence 
хр[п] directly in the form depicted in Figure 7.31, since, in between the sampling instants, 
xp[n] is known to be zero. Thus, the sampled sequence is typically replaced by a new 
sequence хь[п], which is simply every Nth value of x, [n]; that is, 


xp[n] = xp[nN]. (7.48) 
Also, equivalently, 
xp[n] = x[nN], (7.49) 
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since x,[n] and x[n] are equal at integer multiples of N. The operation of extracting every 
Nth sample is commonly referred to as decimation.? The relationship between x[n], x,[n], 
and x[n] is illustrated in Figure 7.34. 

To determine the effect in the frequency domain of decimation, we wish to determine 
the relationship between X;(e/^)—the Fourier transform of x;[n]—and Х(е/°). To this 
end, we note that 


+o 
X,(el”) = У xj[K]e 7"*, (7.50) 
К=—® 
or, using eq. (7.48), 
Xole) = У x,[kN]e i". (7.51) 
k=-@ 


If we let n = kN, or equivalently k = n/N, we can write 


Xe) = >,  xy[n]e е", 
n= integer 
multiple of N 
and since x,[n] = 0 when n is not an integer multiple of N, we can also write 


+% 
X,(e/") = У xy[n]e і". (7.52) 


n--—o 


x[n] 


Figure 7.34 Relationship between 
X,[n] corresponding to sampling and 
Xə[n] corresponding to decimation. 





Technically, decimation would correspond to extracting every tenth sample. However, it has become 
common terminology to refer to the operation as decimation even when N is not equal to 10. 
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Furthermore, we recognize the right-hand side of eq. (7.52) as the Fourier transform of 
xp[n]; that is, 
Toc 


Ж. xp[n]e n^" = Kote). (7.53) 


п= —% 


Thus, from eqs. (7.52) and (7.53), we conclude that 
Xole) = Xle). (1.54) 


This relationship is illustrated in Figure 7.35, and from it, we observe that the spectra for 
the sampled sequence and the decimated sequence differ only in a frequency scaling or 
normalization. If the original spectrum X(e/) is appropriately band limited, so that there 
is no aliasing present in X р(е?® ), then, as shown in the figure, the effect of decimation is to 
spread the spectrum of the original sequence over a larger portion of the frequency band. 


x(e!”) 
= WM wM T 2T w 
X,(e!) 
A 
N 
Oy wM T 2T w 
Хь(е!®) 
4, 
> БР. 
—Noy Noy т 27 Ww 


Figure 7.35 Frequency-domain illustration of the relationship between 
sampling and decimation. 


If the original sequence x[n] is obtained by sampling a continuous-time signal, the 
process of decimation can be viewed as reducing the sampling rate on the signal by a factor 
of N. To avoid aliasing, X(e/”) cannot occupy the full frequency band. In other words, if 
the signal can be decimated without introducing aliasing, then the original continuous- 
time signal was oversampled, and thus, the sampling rate can be reduced without aliasing. 
With the interpretation of the sequence x[n] as samples of a continuous-time signal, the 
process of decimation is often referred to as downsampling. 
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C/D xg[n] | Discrete time 
хе) ——— > conversion lowpass filter yaln] 
H,(e!*) 


Xc(jo) 





1 Figure 7.36  Continuous-time sig- 

| | nal that was originally sampled at the 
Nyquist rate. After discrete-time fil- 

1 tering, the resulting sequence can be 


—2т2 -Ф W 2т € further downsampled. Here X,(jw) 

is the continuous-time Fourier trans- 
form of x(t), X;(e/") and Y,(e) are 
the discrete-time Fourier transforms 
of x;[n] and ya[n] respectively, and 
Hy(e) is the frequency response of 
the discrete-time lowpass filter de- 
-?m 06 We 2т picted in the block diagram. 





In some applications in which a sequence is obtained by sampling a continuous- 
time signal, the original sampling rate may be as low as possible without introducing 
aliasing, but after additional processing and filtering, the bandwidth of the sequence 
may be reduced. An example of such a situation is shown in Figure 7.36. Since the 
output of the discrete-time filter is band limited, downsampling or decimation can be 
applied. 

Just as in some applications it is useful to downsample, there are situations in which 
it is useful to convert a sequence to a higher equivalent sampling rate, a process referred 
to as upsampling or interpolation. Upsampling is basically the reverse of decimation or 
downsampling. As illustrated in Figures 7.34 and 7.35, in decimation we first sample and 
then retain only the sequence values at the sampling instants. To upsample, we reverse 
the process. For example, referring to Figure 7.34, we consider upsampling the sequence 
xp[n] to obtain x[n]. From x,[n], we form the sequence ху[л] by inserting N — 1 points 
with zero amplitude between each of the values in x; [n]. The interpolated sequence x[n] 
is then obtained from x,[n] by lowpass filtering. The overall procedure is summarized in 
Figure 7.37. 
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Example 7.5 


In this example, we illustrate how a combination of interpolation and decimation may be 
used to further downsample a sequence without incurring aliasing. It should be noted that 
maximum possible downsampling is achieved once the non-zero portion of one period 
of the discrete-time spectrum has expanded to fill the entire band from — т to т. 
Consider the sequence x[n] whose Fourier transform X(e/") is illustrated in Figure 
7.38(a). As discussed in Example 7.4, the lowest rate at which impulse-train sampling 
may be used on this sequence without incurring aliasing is 27/4. This corresponds to 





—2mT 167 == 2m 02т т 16T 27 w 








(d) 


Figure 7.38 Spectra associated with Example 7.5. (a) Spectrum of x[n]; 
(b) spectrum after downsampling by 4; (c) spectrum after upsampling x[n] by 
a factor of 2; (d) spectrum after upsampling x[n] by 2 and then downsampling 
by 9. 
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sampling every 4th value of x[n]. If the result of such sampling is decimated by a factor 
of 4, we obtain a sequence хь[п] whose spectrum is shown in Figure 7.38(b). Clearly, 
there is still no aliasing of the original spectrum. However, this spectrum is zero for 
87/9 = |о| = m, which suggests there is room for further downsampling. 

Specifically, examining Figure 7.38(a) we see that if we could scale frequency 
by a factor of 9/2, the resulting spectrum would have nonzero values over the entire 
frequency interval from — 7 to 7. However, since 9/2 is not an integer, we can’t achieve 
this purely by downsampling. Rather we must first upsample x[n] by a factor of 2 and 
then downsample by a factor of 9. In particular, the spectrum of the signal x,,[n] obtained 
when x[n] is upsampled by a factor of 2, is displayed in Figure 7.38(c). When x,[n] is 
then downsampled by a factor of 9, the spectrum of the resulting sequence x,,[n] is as 
shown in Figure 7.38(d). This combined result effectively corresponds to downsampling 
x[n] by a noninteger amount, 9/2. Assuming that x[n] represents unaliased samples of 
a continuous-time signal x,(7), our interpolated and decimated sequence represents the 
maximum possible (aliasing-free) downsampling of x,(t). 


7.6 SUMMARY 


In this chapter we have developed the concept of sampling, whereby a continuous-time 
or discrete-time signal is represented by a sequence of equally spaced samples. The con- 
ditions under which the signal is exactly recoverable from the samples is embodied in 
the sampling theorem. For exact reconstruction, this theorem requires that the signal to be 
sampled be band limited and that the sampling frequency be greater than twice the high- 
est frequency in the signal to be sampled. Under these conditions, exact reconstruction of 
the original signal is carried out by means of ideal lowpass filtering. The time-domain 
interpretation of this ideal reconstruction procedure is often referred to as ideal band- 
limited interpolation. In practical implementations, the lowpass filter is approximated and 
the interpolation in the time domain is no longer exact. In some instances, simple inter- 
polation procedures such as a zero-order hold or linear interpolation (a first-order hold) 
suffice. 

If a signal is undersampled (i.e., if the sampling frequency is less than that required 
by the sampling theorem), then the signal reconstructed by ideal band-limited interpolation 
will be related to the original signal through a form of distortion referred to as aliasing. 
In many instances, it is important to choose the sampling rate so as to avoid aliasing. 
However, there are a variety of important examples, such as the stroboscope, in which 
aliasing is exploited. 

Sampling has a number of important applications. One particularly significant set 
of applications relates to using sampling to process continuous-time signals with discrete- 
time systems, by means of minicomputers, microprocessors, or any of a variety of devices 
specifically oriented toward discrete-time signal processing. 

The basic theory of sampling is similar for both continuous-time and discrete- 
time signals. In the discrete-time case there is the closely related concept of decimation, 
whereby the decimated sequence is obtained by extracting values of the original sequence 
at equally spaced intervals. The difference between sampling and decimation lies in the 
fact that, for the sampled sequence, values of zero lie in between the sample values, 
whereas in the decimated sequence these zero values are discarded, thereby compressing 
the sequence in time. The inverse of decimation is interpolation. The ideas of decima- 
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tion and interpolation arise in a variety of important practical applications of signals and 
systems, including communication systems, digital audio, high-definition television, and 
many other applications. 


Chapter 7 Problems | 


The first section of problems belongs to the basic category, and the answers are pro- 


vided in the back of the book. The remaining two sections contain problems belonging to 
the basic and advanced categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


7.1. 


7.2. 


7.3, 


7.4. 


7.5. 


A real-valued signal x(t) is known to be uniquely determined by its samples when 
the sampling frequency іѕ о; = 10,0007. For what values of w is X( jw) guaranteed 
to be zero? 


A continuous-time signal x(f) is obtained at the output of an ideal lowpass filter 
with cutoff frequency о. = 1,0007. If impulse-train sampling is performed on x(t), 
which of the following sampling periods would guarantee that x(t) can be recovered 
from its sampled version using an appropriate lowpass filter? 

(а) Т = 0.5 x 107? 


(b) T 22x10? 
(c) T = 104 
The frequency which, under the sampling theorem, must be exceeded by the sam- 


pling frequency is called the Nyquist rate. Determine the Nyquist rate corresponding 
to each of the following signals: 
(a) x(t) = 1 + cos(2,0007t1) + sin(4,00071) 


(b) x(t) = sibi eet 
(с) x(t) = (кашы 


Let x(t) be a signal with Nyquist rate wo. Determine the Nyquist rate for each of the 
following signals: 
(a) x(t) + x(t — 1) 


dx(t) 
(p) =” 


(с) x*(t) 
(d) x(t) cos wot 


Let x(t) be a signal with Nyquist rate wo. Also, let 


y(t) = x(t)p(t — 1), 


7.6. 
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where 


p(t) = > 6(t — nT), and T < = 


n=—% 0 


Specify the constraints on the magnitude and phase of the frequency response of a 
filter that gives x(t) as its output when y(f) is the input. 


In the system shown in Figure P7.6, two functions of time, ху (7) and x2(t), are mul- 
tiplied together, and the product w(t) is sampled by a periodic impulse train. x(t) 
is band limited to о, and x(t) is band limited to w7; that is, 

Xi(jo) = 0,|o| = wi, 

XX(je) = 0, |o| > c». 


Determine the maximum sampling interval T such that w(r) is recoverable 
from w,(t) through the use of an ideal lowpass filter. 


p(t) = Ў &(t -nT) 


п=-= 


wp (t) 





X (jw) Xo(jo) 


701 = w 75 929 Figure P7.6 


7.7. A signal x(t) undergoes a zero-order hold operation with an effective sampling pe- 


riod T to produce a signal x(t). Let x,(t) denote the result of a first-order hold 
operation on the samples of x(t); i.e., 


© 


х0) = >) x(nT)h\(t – nT), 


n--o 


where h; (t) is the function shown in Figure P7.7. Specify the frequency response of 
a filter that produces x; (t) as its output when хо(ї) is the input. 
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— 


hy(t) 





= m T t Figure P7.7 


7.8. Consider a real, odd, and periodic signal x(t) whose Fourier series representation 
may be expressed as 


5 1 К 
x(t) = >) зїп(Ктї). 


k=0 


Let £(t) represent the signal obtained by performing impulse-train sampling on x(t) 
using a sampling period of T = 0.2. 
(a) Does aliasing occur when this impulse-train sampling is performed on x(t)? 
(b) If X(t) is passed through an ideal lowpass filter with cutoff frequency 7/7 and 
passband gain T, determine the Fourier series representation of the output signal 
g(t). 
7.9. Consider the signal 





> 2 
die E) | 
qt 


which we wish to sample with a sampling frequency of о, = 1507 to obtain a 
signal g(t) with Fourier transform G( jw). Determine the maximum value of wọ for 
which it is guaranteed that 


G(jw) = 75X(jo) for |ш| = wo, 


where X( jæ) is the Fourier transform of x(t). 


7.10. Determine whether each of the following statements is true or false: 

(a) The signal x(t) = u(t + To) — u(t — To) can undergo impulse-train sampling 
without aliasing, provided that the sampling period T < 2T). 

(b) The signal x(t) with Fourier transform X(jw) = u(w + wo) — ulw — wo) can 
undergo impulse-train sampling without aliasing, provided that the sampling 
period T. < m/wo. 

(c) The signal x(t) with Fourier transform X( jw) = u(w) — u(w — wo) can undergo 
impulse-train sampling without aliasing, provided that the sampling period T < 
2arlo9. 

7.11. Let x.(t) be a continuous-time signal whose Fourier transform has the property that 

X.(jo) = 0 for |w| > 2,0007. A discrete-time signal 


ха[п] = x-(n(0.5 x 1073)) 
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is obtained. For each of the following constraints on the Fourier transform Ху (е?) 
of xa[n], determine the corresponding constraint on X,(j@): 
(a) X,(e/") is real. 
(b) The maximum value of X,(e/^) over all w is 1. 
(c) X4(e/*?) = 0 for Ed = |ш| = m. 
(d) Xale?) = Xalet). 

7.12. A discrete-time signal x;[n] has a Fourier transform Xq(e/”) with the property that 
Ха(е)°) = 0 for 37/4 = |w| = т. The signal is converted into a continuous-time 
signal 


sin F(t — nT) 


x-(t) = T 2. xalal- ay 


п= — 0 


where T = 1073. Determine the values of w for which the Fourier transform X,( jw) 
of xe(t) is guaranteed to be zero. 


7.13. With reference to the filtering approach illustrated in Figure 7.24, assume that the 
sampling period used is T and the input x(t) is band limited, so that X.(jw) = 0 for 
|w| = a/T. If the overall system has the property that ye(t) = x-(t—2T), determine 
the impulse response [л] of the discrete-time filter in Figure 7.24. 


7.14. Repeat the previous problem, except this time assume that 


d T 
ye(t) = dr* ( = 2) 


7.15. Impulse-train sampling of х[л] is used to obtain 


© 


gin] = >` x{n]d[n — kN]. 


k=-a 


If X(e/”) = 0 for 37/7 = |w| = т, determine the largest value for the sampling 
interval N which ensures that no aliasing takes place while sampling x[n]. 


7.16. The following facts are given about the signal х[л] and its Fourier transform: 


1. x[n] is real. 
2. X(eJ?) #0 for0 < о < m. 
3. x[n]>-,--..5[n — 2k] = б[л]. 


Determine x[n]. You may find it useful to note that the signal (sin Fn)/(an) satisfies 
two of these conditions. 
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7.17. 


7.18. 


7.19. 





7.20. 


Zero insertion 


Consider an ideal discrete-time bandstop filter with impulse response h[n] for which 
the frequency response in the interval —7 = w = mis 


H(e/*) = | l [о = 7 and [ој = 37 
0, elsewhere 


Determine the frequency response of the filter whose impulse response is A[2n]. 


Suppose the impulse response of an ideal discrete-time lowpass filter with cutoff fre- 
quency 7/2 is interpolated (in accordance with Figure 7.37) to obtain an upsampling 
by a factor of 2. What is the frequency response corresponding to this upsampled 
impulse response? 

Consider the system shown in Figure P7.19, with input x[n] and the correspond- 
ing output у[л]. The zero-insertion system inserts two points with zero amplitude 
between each of the sequence values in x[n]. The decimation is defined by 


y[n] = wl5n], 


where w[n] is the input sequence for the decimation system. If the input is of the 
form 


sinon 
x[n] = : 
тп 





determine the output y[n] for the following values of о |: 
(a) Qj = E 


(b) €, > 2 


н(е!®) 








Figure P7.19 


Two discrete-time systems $ and 5: are proposed for implementing an ideal low- 
pass filter with cutoff frequency 7/4. System S, is depicted in Figure P7.20(a). 
System S» is depicted in Figure P7.20(b). In these figures, S4 corresponds to a zero- 
insertion system that inserts one zero after every input sample, while $5 corresponds 
to a decimation system that extracts every second sample of its input. 

(a) Does the proposed system S; correspond to the desired ideal lowpass filter? 
(b) Does the proposed system S2 correspond to the desired ideal lowpass filter? 
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1;H(e™) 


—m/8 0 7/8 






Hye) 4 Hye) 1 


x[n] 


—m/2 0 m/2 —m/2 0 т/2 


(b) 


Figure P7.20 


BASIC PROBLEMS 


7.21. A signal x(t) with Fourier transform X(jw) undergoes impulse-train sampling to 
generate 


æ 


xy) = >) x(nT)8(t — nT) 


п=—® 


where T = 10 *. For each of the following sets of constraints on x(t) and/or Х( jo). 
does the sampling theorem (see Section 7.1.1) guarantee that x(t) can be recovered 
exactly from xp(t)? . 
(a) X(jw) = 0 for |w| 50007 
(b) X(jw) = 0 for |w| > 150007 
(c) Re{X(jw)} = 0 for |w| > 50007 
(d) x(t) real and X(jw) = 0 for w > 50007 
(e) x(t) real and X(jw) = 0 for w < —150007 
(f) X(jw) * X(jw) = 0 for |o| > 150007 
(в) |X(jo)| = 0 for o > 50007 
7.22. The signal y(t) is generated by convolving a band-limited signal x(t) with another 
band-limited signal x»(t), that is, 


y(t) = x1 (t) * x(t) 
where 


Xi(jo) =0  for|w| > 10007 
X2(jw) = 0 for |w| > 20007. 
Impulse-train sampling is performed on y(t) to obtain 


562 Signals and Systems, Second Edition 


yp) = >) у(лТ)8(@- nT). 


п=—® 


Specify the range of values for the sampling period T which ensures that y(t) is 
recoverable from y,(t). 

7.23. Shown in Figure P7.23 is a system in which the sampling signal is an impulse train 
with alternating sign. The Fourier transform of the input signal is as indicated in the 
figure. 

(a) For A < w/(2w m), sketch the Fourier transform of хь(ї) and y(t). 

(b) For A < л/(2@м), determine a system that will recover x(t) from xp(t). 

(c) For А < 7/(20 у), determine a system that will recover x(t) from y(t). 

(d) What is the maximum value of A in relation to wy for which x(t) can be recov- 
ered from either x,(r) or y(t)? 


p(t) 


t 
х@ (м) хр (0 y(t) 





Х(јо) 
— wM Oy © 
Н(јо) 
JE EL 
cem = т 3T o 
А А А А Figure Р7.23 


7.24. Shown in Figure P7.24 is a system in which the input signal is multiplied by a 
periodic square wave. The period of s(t) is T. The input signal is band limited with 
|Х(јо)| = 0 for |o| = wy. 
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(a) For A = 7/3, determine, in terms of wm, the maximum value of T for which 
there is no aliasing among the replicas of X(jw) in W(jw). 

(b) For A = 7/4, determine, in terms of wy, the maximum value of T for which 
there is no aliasing among the replicas of X(jw) in W( jw). 


x(t) w(t) 





Figure P7.24 


7.25. In Figure P7.25 is a sampler, followed by an ideal lowpass filter, for reconstruction of 
x(t) from its samples x,(t). From the sampling theorem, we know that if ws = 27/T 
is greater than twice the highest frequency present in x(t) and о, = о,/2, then the 
reconstructed signal x,(t) will exactly equal x(t). If this condition on the bandwidth 
of x(t) is violated, then x,(t) will not equal x(t). We seek to show in this problem 
that if о. = w,/2, then for any choice of T, x,(t) and x(t) will always be equal at 
the sampling instants; that is, 


LART) = x(kT), k = 0, +1, +2,.... 


+= 


p(t)= € ё(ї—пТ) 


n=% 


x(t) xr (t) 





Figure P7.25 


To obtain this result, consider eq. (7.11), which expresses x,(t) in terms of the 
samples of x(t): 


со 


E Qc sin[w,(t — nT)] 
x(t) = D>) хт) CadcaM 


п=—® 
With w. = w,/2, this becomes 


a sin 


x(t) = У Т) ——— ——. (P7.25-1) 
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By considering the values of a for which [sin(a)]/a = 0, show from eq. 

(P7.25-1) that, without any restrictions on x(t), x,(kT) == x(kT) for any integer 
value of К. 
The sampling theorem, as we have derived it, states that a signal x(t) must be sam- 
pled at a rate greater than its bandwidth (or equivalently, a rate greater than twice its 
highest frequency). This implies that if x(t) has a spectrum as indicated in Figure 
P7.26(a) then x(t) must be sampled at a rate greater than 2w2. However, since the 
signal has most of its energy concentrated in a narrow band, it would seem reason- 
able to expect that a sampling rate lower than twice the highest frequency could be 
used. A signal whose energy is concentrated in a frequency band is often referred to 
as a bandpass signal. There are a variety of techniques for sampling such signals, 
generally referred to as bandpass-sampling techniques. 


7.26 


X(jw) 


АТМ 
=w —0G @, W [m 


(a) 


pit) = 2 a(t-nt) 


xy (t) 


p(t) 
ШЕ КЕ: 
T t 

H(je) 


nanta 
— Wp Я Oa Op W 


(b) Figure P7.26 


Chapter 7 Sampling 565 





To examine the possibility of sampling a bandpass signal as a rate less than 
the total bandwidth, consider the system shown in Figure P7.26(b). Assuming that 
wı > w — w), find the maximum value of T and the values of the constants A, wa, 
and w, such that x,(t) = x(t). 

7.27. In Problem 7.26, we considered one procedure for bandpass sampling and recon- 
struction. Another procedure, used when x(t) is real, consists of multiplying x(t) by a 
complex-exponential and then sampling the product. The sampling system is shown 
in Figure P7.27(a). With x(t) real and with X( jw) nonzero only for v, < |w| < w2, 
the frequency is chosen to be wp = (1/2)(w; + w2), and the lowpass filter H)(jw) 
has cutoff frequency (1/2)(w2 — о). 

(a) For X(jw) as shown in Figure P7.27(b), sketch X,( jw). 

(b) Determine the maximum sampling period T such that x(t) is recoverable from 
X oU) 

(c) Determine a system to recover x(t) from xp(t). 


e —jeot 


p(t) =$ e(t-nT) 
n= -æ 


(b) Figure P7.27 


7.28. Figure P7.28(a) shows a system that converts a continuous-time signal to a discrete- 
time signal. The input x(t) is periodic with a period of 0.1 second. The Fourier series 
coefficients of x(t) are 


The lowpass filter H( jw) has the frequency response shown in Figure P7.28(b). The 
sampling period Т = 5 x 10~3 second. 

(a) Show that x[n] is a periodic sequence, and determine its period. 

(b) Determine the Fourier series coefficients of x[n]. 
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Conversion 













Lowpass of an 
x(t) filter impulse train x[n] = x, (nT) 
H(jo) toa 
sequence 


p(t) = X (t-nT) 


(a) 


H(jo) 


—205т 2051 w 
(b) 


Figure P7.28 


7.29. Figure P7.29(a) shows the overall system for filtering a continuous-time signal using 
a discrete-time filter. If X.(jw) апа H(e/”) are as shown in Figure P7.29(b), with 
1/Т = 20 kHz, sketch X,( jw), X(e!”), Y(e/?), Y (jæ), and Y.( jæ). 









to an 
impulse train 


(a) 


X. (jc) H(el^) 


| 
3 
x 
эй 
o 
> 
а 
x 
x 
o 
> 
£ 
! 
ыа 
ыа 
€ 


(b) 


Figure P7.29 
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7.30. Figure P7.30 shows a system consisting of a continuous-time LTI system followed 
by a sampler, conversion to a sequence, and an LTI discrete-time system. The 
continuous-time LTI system is causal and satisfies the linear, constant-coefficient 
differential equation 


dy-(t) 
dt 


The input xe(t) is a unit impulse (t). 

(a) Determine y,(t). 

(b) Determine the frequency response H (e/^) and the impulse response h[n] such 
that w[n] = é[n]. 





+ ye(t) = x(t). 


y, (0 Conversion of 
© impulse train LTI 
Xe (t) LTI tos Hiei) w[n] 
sequence 


pit) = X s(t-n) 





Figure P7.30 


7.31. Shown in Figure P7.31 is a system that processes continuous-time signals using a 
digital filter h[n] that is linear and causal with difference equation 


yin] = уул — 1) + x[n]. 


For input signals that аге band limited such that X,.(jw) = 0 for |w| > a/T, the 
system in the figure is equivalent to a continuous-time LTI system. 

Determine the frequency response H,(jw) of the equivalent overall system 
with input x,(t) and output у, (7). 




















Ideal lowpass 
filter cutoff 
frenquency 

m/T 


Conversion of Conversion of 
impulse train sequence 
toa toa 
sequence impulse train 


Xe (t) Ye(t) 






pit) = X (tnt) 


Figure P7.31 


7.32. A signal x[n] has a Fourier transform X(e/“) that is zero for (7/4) = |w| = т. 
Another signal 
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g[n] = x[n] = 6[n — 1 — 4k] 


К=—® 


is generated. Specify the frequency response Н (е/°) of a lowpass filter that produces 
x[n] as output when g[n] is the input. 


7.33. A signal x[n] with Fourier transform X(e/^) has the property that 


c * aji- an} e = x[n]. 
3 


k=-% 





For what values of w is it guaranteed that Х(е/°) = 0? 

7.34. A real-valued discrete-time signal x[n] has a Fourier transform X(e/^) that is zero 
for 377/14 = |w| = т. The nonzero portion of the Fourier transform of one period 
of X(e/”) can be made to occupy the region |w| < 7 by first performing upsampling 
by a factor of L and then performing downsampling by a factor of M. Specify the 
values of L and M. 


7.35. Consider a discrete-time sequence x[n] from which we form two new sequences, 
xp[n] and x4[n], where x,[n] corresponds to sampling x[n] with a sampling period 
of 2 and x, [n] corresponds to decimating x[n] by a factor of 2, so that 


_ [хп], n=0,+2,+4... 
sm = | a= 1,45... 


and 
Xa[n] = x[2n]. 


(a) If x[n] is as illustrated in Figure P7.35(a), sketch the sequences x,[n] and x;[n]. 
(b) If X(e/”) is as shown in Figure P7.35(b), sketch X р(е?°®) and X,(e/”). 


I LI x[n] 


0 п 
(а) 
X(el^) 
nd -2 5m 3m 0 3m 5т 2m 11т w 
4 4 4 4 4 4 
(b) 
Figure P7.35 


ADVANCED PROBLEMS 


7.36 Let x(t) be a band-limited signal such that X(jw) = 0 for |o| = 7. 
(a) If x(t) is sampled using a sampling period T, determine an interpolating function 


Chapter 7 Sampling 569 





g(t) such that 


dx(f) _ 
dt /—— 





У` x(nT)g(t — nT). 


п=—-%® 


(b) Is the function g(t) unique? 


7.37. A signal limited in bandwidth to |о| < W can be recovered from nonuniformly 
spaced samples as long as the average sample density is 2(W/27r) samples per sec- 
ond. This problem illustrates a particular example of nonuniform sampling. Assume 
that in Figure P7.37(a): 

1. x(t) is band limited; X(jw) = 0, |w| > W. 

2. p(t) is a nonuniformly spaced periodic pulse train, as shown in Figure P7.37(b). 

3. f(t) is a periodic waveform with period T = 27/W. Since f(t) multiplies an 
impulse train, only its values f(0) = a and f(A) = batt = O and t = A, re- 
spectively, are significant. 

4. Hi(jo) is a 90? phase shifter; that is, 


o0 


mj = |* ii^ 


fit) 






Yo (t) 


Sampled 


чы Lo z(t) 


(a) 
p(t) 
A I-A] 
1 
S Uu V. д oW (ws) t 


(b) 


Figure P7.37 
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5. H5(j«) is an ideal lowpass filter; that is, 


к, О<о< № 
Нју = 4 К со <0, 
0, > 


where К is а (possibly complex) constant. 
(a) Find the Fourier transforms of p(t), yi(t), y2(t), and ya(t). 
(b) Specify the values of a, b, and K as functions of A such that z(t) = x(t) for any 
band-limited x(t) and any A such that 0 < A < z/W. 


7.38. It is frequently necessary to display on an oscilloscope screen waveforms having 
very short time structures—for example, on the scale of thousandths of a nanosec- 
ond. Since the rise time of the fastest oscilloscope is longer than this, such displays 
cannot be achieved directly. If however, the waveform is periodic, the desired result 
can be obtained indirectly by using an instrument called a sampling oscilloscope. 

The idea, as shown in Figure P7.38(a), is to sample the fast waveform x(t) once 
each period, but at successively later points in successive periods. The increment 
A should be an appropriately chosen sampling interval in relation to the bandwidth 
of x(t). If the resulting impulse train is then passed through an appropriate interpolat- 





(a) 






x(t) 
Periodic with 
period T; 
| X Ga) | = 0 
for | o | >W, 


p(t) = 5 èft-n(T+A)] 


1 
1, [e| < — 

Hie) 2(T + A) 
0, elsewhere 


(b) Figure P7.38 


7.39 


7.40. 
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ing lowpass filter, the output у(ї) will be proportional to the original fast waveform 
slowed down or stretched out in time [i.e., y(t) is proportional to x(at), where a < 1]. 
For x(t) = A + Bcos[(27/T)t + 6], find a range of values of A such that y(t) 
in Figure P7.38(b) is proportional to x(at) with a « 1. Also, determine the value of 
a in terms of T and A. 
A signal х (г) is obtained through impule-train sampling of a sinusoidal signal x(t) 
whose frequency is equal to half the sampling frequency w,. 


x(t) = cos (5 + 4) 


and 


xp(t) = У җ(пТ)8@—пТ) 
where T = 2/o;. 
(a) Find g(t) such that 


x(t) = соѕ(ф) соѕ (3) + g(t). 


(b) Show that 
g(nT) = 0 forn = 0, +1, +2,::- 

(c) Using the results of the previous two parts, show that if x,(t) is applied as the 
input to an ideal lowpass filter with cutoff frequency w,/2, the resulting output 
is 

y(t) = соѕ(ф) cos (25 

Consider a disc on which four cycles of a sinusoid are painted. The disc is rotated at 

approximately 15 revolutions per second, so that the sinusoid, when viewed through 

a narrow slit, has a frequency of 60 Hz. 

The arrangement is indicated in Figure P7.40. Let v(t) denote the position of 
the line seen through the slit. Then 


v(t) = Acos(wot + $), wo = 1207. 


Position of line varies sinusoidally 
at 60 cycles per second 


Disk rotating at 
15 rps 





Figure P7.40 
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7.41. 


For notational convenience, we will normalize v(t) so that A = 1. At 60 Hz, the eye 
is not able to follow v(t), and we will assume that this effect can be explained by 
modeling the eye as an ideal lowpass filter with cutoff frequency 20 Hz. 

Sampling of the sinusoid can be accomplished by illuminating the disc with a 
strobe light. Thus, the illumination can be represented by an impulse train; that is, 


it) =  6(t— kT), 


k2-—o 


where 1/7 is the strobe frequency in hertz. The resulting sampled signal is the prod- 
uct r(t) = v(t)i(t). Let R(jw), V(jo), and /(jw) denote the Fourier transforms of 
r(t), v(t), and i(t), respectively. 
(a) Sketch V(jw), indicating clearly the effect of the parameters ф and wo. 
(b) Sketch /( jc), indicating the effect of T. 
(c) According to the sampling theorem, there is a maximum value for T іп terms 
of wo such that v(t) can be recovered from r(t) using a lowpass filter. Determine 
this value of T and the cutoff frequency of the lowpass filter. Sketch R( jw) when 
T is slightly less than the maximum value. 

If the sampling period T is made greater than the value determined in part 
(c), aliasing of the spectrum occurs. As a result of this aliasing, we perceive a 
lower frequency sinusoid. 
Suppose that 27/7 = wo + 207. Sketch R( jw) for |о| < 407. Denote Бу va(t) 
the apparent position of the line as we perceive it. Assuming that the eye be- 
haves as an ideal lowpass filter with 20-Hz cutoff and unity gain, express v,(t) 
in the form 


(d 


— 


Valt) = Aa COS(wa + фа), 


where A, is the apparent amplitude, wa the apparent frequency, and ф„ the 
apparent phase of v,(t). 

(e) Repeat part (d) for 2z/T = «o — 207. 

In many practical situations a signal is recorded in the presence of an echo, which we 

would like to remove by appropriate processing. For example, in Figure P7.41(a), 

we illustrate a system in which a receiver simultaneously receives a signal x(t) and 
an echo represented by an attenuated delayed replication of x(t). Thus, the receiver 
output is s(t) = x(t) + ax(t — То), where |а| < 1. This output is to be processed to 
recover x(t) by first converting to a sequence and then using an apptoptiate digital 
filter h[n], as indicated in Figure P7.41(b). 

Assume that x(t) is band limited [i.e., X(jw) = 0 for |ш| > wm] and that 

la| « 1. 

(a) If To < п/о у, and the sampling period is taken to be equal to To (i.e., Т = То), 
determine the difference equation for the digital filter h[n] such that ye(f) is 
proportional to x(t). 

(b) With the assumptions of part (a), specify the gain A of the ideal lowpass filter 
such that y(t) = x(t). 

(c) Now suppose that m/wm < To < 27/0 m. Determine a choice for the sampling 
period T, the lowpass filter gain A, and the frequency response for the digital 
filter h[n] such that ye(t) is proportional to x(t). 
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аа 
L Receiver output 
s(t) = x(t) + a x(t-To) 
(a) 


Ideal lowpass 
filter 










s,(t) = x(t) +ax(t-To) 
Conversion of 
impulse train 
toa 
sequence 


p(t) = E S(t-KT) 


b) 


Figure P7.41 


7.42. Consider a band-limited signal x,(t) that is sampled at a rate higher than the Nyquist 
rate. The samples, spaced T seconds apart, are then converted to a sequence x[n], 
as indicated in Figure P7.42. 


p(t) = x e(t-nT) 


n- 










Conversion of 
impulse train 
to sequence 


Xp(t) 


x,(t) х[п] = x, (nT) 


Figure P7.42 


Determine the relation between the energy E; of the sequence, the energy Ee 
of the original signal, and the sampling interval T. The energy of a sequence x[n] is 
defined as 


Е = > |х], 


п=—® 


and the energy in a continuous-time function x,(t) is defined as 


+0 
Е, = | [x(O at. 


— 0 
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7.43. Figure P7.43(a) depicts a system for which the input and output are discrete-time 
signals. The discrete-time input x[n] is converted to a continuous-time impulse train 
Xp(t). The continuous-time signal х (г) is then filtered by an LTI system to produce 
the output y,(t), which is then converted to the discrete-time signal y[n]. The LTI 
system with input x,(f) and output у, (7) is causal and is characterized by the linear 
constant-coefficient differential equation 


d*y.(t) аус) 
dt? ды dt 








+ 3yc(t) = x). 


The overall system is equivalent to a causal discrete-time LTI system, as indicated 
in Figure P7.43(b). 

Determine the frequency response H(e/^) and the unit sample response h[n] 
of the equivalent LTI system. 


X(t-nT) 
n--« 












Conversion 
to an 
impulse train 


Conversion 
toa 
sequence 








x[n] 
yIn] 


x(t) = 3 xt &(t-nT) 
volt) = vt) X s(t-n) 


yin] = y,(nT) 


(a) 


h[n]; Н(е?“) 


x[n] equivalent y[n] 
LTI system 





(b) 
Figure P7.43 
7.44. Suppose we wish to design a continuous-time generator that is capable of producing 
sinusoidal signals at any frequency satisfying 
бу Sw = 05, 


where w; and w are given positive numbers. 
Our design is to take the following form: We have stored a discrete-time cosine 
wave of period N; that is, we have stored x[0], ..., x[N — 1], where 
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x[k] = cos Gal 


Every T seconds we output an impulse weighted by a value of x[k], where we pro- 
ceed through the values of k = 0,1,..., N — 1 in a cyclic fashion. That is, 
yp(kT) = x(k modulo N), 


or equivalently, 


2ark 
Y (kT) = со$ a 


and 


+оо 


у) = У, cos ("Fat — EF). 


= —00 


(a) Show that by adjusting Т, we can adjust the frequency of ће cosine signal being 
sampled. That is, show that 


yp(t) = (coswot) X` S(t — kT), 
k= =% 


where wọ = 27/NT. Determine a range of values for T such that у (2) can rep- 
resent samples of a cosine signal with a frequency that is variable over the full 
range 


шоу € w = 0). 


(b) Sketch Y,(jw). 
The overall system for generating a continuous-time sinusoid is depicted 
in Figure P7.44(a). H(jw) is an ideal lowpass filter with unity gain in its pass- 
band; that is, 


1, о < we 
0, otherwise ` 


H(jw) = | 





y(t) — зә. cos wt 


Figure P7.44 
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The parameter w, is to be determined so that y(t) is a continuous-time cosine 
signal in the desired frequency band. 

(c) Consider any value of T in the range determined in part (a). Determine the 
minimum value of № and some value for we such that y(t) is a cosine signal in 
the range o, = w = w2. 

(d) The amplitude of y(t) will vary, depending upon the value of w chosen between 
w; and w2. Thus, we must design a system G( jw) that normalizes the signal as 
shown in Figure P7.44(b). Find such a G( ja). 


7.45. In the system shown in Figure P7.45, the input x,.(1) is band limited with X.( jæ) = 
0, |ю| > 27 X 10^. The digital filter h[n] is described by the input-output relation 
















xe(t) Conversion | x[n] = x,(nT) Conversion 
toa to an 
sequence impulse train 


p(t) -3 B(t-nT) 


Figure P7.45 


yin] = T > ХА. (P7.45-1) 


К=—® 


(a) What is the maximum value of T allowed if aliasing is to be avoided in the 
transformation from xe(t) to xp(t). 
(b) With the discrete-time LTI system specified through eq. (P7.45-1), determine 
its impulse response h[n]. 
(c) Determine whether there is any value of T for which 
t 


lim y[n] = lim | xc(7T) dT. (P7.45-2) 


If so, determine the maximum value. If not, explain and specify how T would 
be chosen so that the equality in eq. (P7.45-2) is best approximated. (Think 
carefully about this part; it is easy to jump to the wrong conclusion!) 
7.46 A signal x[n] is sampled in discrete time as shown in Figure P7.46. h,[n] is an ideal 
lowpass filter with frequency response 
* N, |ш| < T 
je = N 
mor [+ 7 < |о| «v 


From eqs. (7.46) and (7.47), the filter output is expressible as 
I^ = No, sinw,(n — kN) 
ха] = >) x[kN]hin- kN] = 5, x[kN]— gom 


k2-o k2-- 





7.47. 


7.48. 


7.49. 
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1 —-@—" sh 


n] = X (п КМ 
pinl k= E ! Figure P7.46 


where о. = T/N. Show that independent of whether the sequence x[n] is sam- 
pled above or below the Nyquist rate, x,[mN] = x[mN], where m is any positive or 
negative integer. 


Suppose x[n] has a Fourier transform that is zero for 7/3 - |w| = m. Show that 


Ox sin( S (n — 3k)) 
x[n] = 25 x[3K] к -3B | 


If x[n] = cos(Zn+¢o) withO = фо < 27 and g[n] = x[n]>°,__..6[n—4k], what 
additional constraints must be imposed on фо to ensure that 


pale sin zn = xp 
g T x[n]? 





4 


As discussed in Section 7.5 and illustrated in Figure 7.37, the procedure for interpo- 
lation or upsampling by an integer factor N can be thought of as the cascade of two 
operations. The first operation, involving system A, corresponds to inserting N — | 
zero-sequence values between each sequence value of x[n], so that 


xp[n] = ulel п = 0,+N,+2N,... 


0, otherwise 


For exact band-limited interpolation, H(e/”) is an ideal lowpass filter. 

(a) Determine whether or not system A is linear. 

(b) Determine whether or not system A is time invariant. 

(c) For X,(e/”) as sketched in Figure P7.49 and with N = 3, sketch X,(e/^). 

(d) For N = 3, X,(e/”) as in Figure P7.49, and H(e/”) appropriately chosen for 
exact band-limited interpolation, sketch X(e/). 


Xale) 





=T T w Figure P7.49 
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7.50. In this problem, we consider the discrete-time counterparts of the zero-order hold and 
first-order hold, which were discussed for continuous time in Sections 7.1.2 and 7.2. 

Let x[n] be a sequence to which discrete-time sampling, as illustrated in Fig- 
ure 7.31, has been applied. Suppose the conditions of the discrete-time sampling 
theorem are satisfied; that is, ws > 2wm, where ws is the sampling frequency and 
X(e/?) = 0, wy < |w| = т. The original signal x[n] is then exactly recoverable 
from xp[n] by ideal lowpass filtering, which, as discussed in Section 7.5, corre- 
sponds to band-limited interpolation. 

The zero-order hold represents an approximate interpolation whereby every 
sample value is repeated (or held) N — 1 successive times, as illustrated in Figure 
P7.50(a) for the case of N = 3. The first-order hold represents a linear interpolation 
between samples, as illustrated in the same figure. 


x[n] 


xp[n] 





ZOH 
(b) (c) 


(а) Figure P7.50 


7.51. 
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(a) The zero-order hold can be represented as an interpolation in the form of eq. 
(7.47) or, equivalently, the system in Figure P7.50(b). Determine and sketch 
ho[n] for the general case of a sampling period N. 

(b) x[n] can be exactly recovered from the zero-order-hold sequence xo[n] using an 
appropriate LTI filter Н (e/^), as indicated in Figure P7.50(c). Determine and 
sketch H(e/^). 

(c) The first-order-hold (linear interpolation) can be represented as an interpolation 
in the form of eq. (7.47) or, equivalently, the system in Figure P7.50(d). Deter- 
mine and sketch A [n] for the general case of a sampling period N. 

(d) x[n] can be exactly recovered from the first-order-hold sequence x; [n] using an 
appropriate LTI filter with frequency response H (e/^). Determine and sketch 
H(e/"). 

As shown in Figure 7.37 and discussed in Section 7.5.2, the procedure for inter- 

polation or upsampling by an integer factor N can be thought of as a cascade of 

two operations. For exact band-limited interpolation, the filter H(e/") in Figure 

7.31 is an ideal lowpass filter. In any specific application, it would be necessary 

to implement an approximate lowpass filter. In this problem, we explore some use- 

ful constraints that are often imposed on the design of these approximate lowpass 
filters. 

(a) Suppose that H(e/") is approximated by a zero-phase FIR filter. The filter is 
to be designed with the constraint that the original sequence values x4[n] get 
reproduced exactly; that is, 


x[n] = xg ВІ i c4 E EE... (P7.51-1) 


This guarantees that, even though the interpolation between the original se- 
quence values may not be exact, the original values are reproduced exactly in 
the interpolation. Determine the constraint on the impulse response h[n] of the 
lowpass filter which guarantees that eq. (P7.51—1) will hold exactly for any se- 
quence xj [n]. 

(b) Now suppose that the interpolation is to be carried out with a linear-phase, 
causal, symmetric FIR filter of length N; that is 


hin] = 0,.n<0.n>N-1, (P7.51—2) 


H(e!”) = Hg(e/")e Je. (P7.51-3) 


where Нр(е/°) is real. The filter is to be designed with the constraint that the 
original sequence values x;[n] get reproduced exactly, but with an integer delay 
a, where a is the negative of the slope of the phase of E/(e/"); that is, 


x[n] = ха EIE -a-0*L +21,...  (P7.51-4) 


Determine whether this imposes any constraint on whether the filter length N 
is odd or even. 
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(c) Again, suppose that the interpolation is to be carried out with a linear-phase, 
causal, symmetric FIR filter, so that 
H(e/^) = Hg(el")e 18°, 


where Hg(e/^) is real. The filter is to be designed with the constraint that the 
original sequence values xg[n] get reproduced exactly, but with a delay M that 
is not necessarily equal to the slope of the phase; that is, 





x[n] = zT es op NE eos 


Determine whether this imposes any constraint on whether the filter length N is 

odd or even. 
7.52 In this problem we develop the dual to the time-domain sampling theorem, whereby 
a time-limited signal can be reconstructed from frequency-domain samples. To de- 
velop this result, consider the frequency-domain sampling operation in Figure P7.52. 


+20 


X(jo) (o) = X(o)P(jo) = X Хш) (o-kog 


m 
P(jo) = Х (о – Коо) 


X(jo) 


Pljw) 





Figure P7.52 
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(a) Show that 


X(t) = x(t) * p(t) 


where X(t), x(t), and p(t) are the inverse Fourier transforms of X( jo), X(jw), 
and P( jw), respectively. 

(b) Assuming that x(r) is time-limited so that x(t) = 0 for |z| = 2, show that x(r) 
can be obtained from X(t) through a “low-time windowing” operation. That is, 


x(t) = X(t)w(t) 


where 


(c) Show that x(t) is not recoverable from X(t) if x(t) is not constrained to be zero 
for |t| = cae 


(COMMUNICATION SYSTEMS 





8.0 INTRODUCTION 


Communication systems play a key role in our modern world in transmitting information 
between people, systems, and computers. In general terms, in all communication systems 
the information at the source is first processed by a transmitter or modulator to change it 
into a form suitable for transmission over the communication channel. At the receiver, the 
signal is then recovered through appropriate processing. This processing is required for a 
variety of reasons. In particular, quite typically, any specific communication channel has 
associated with it a frequency range over which it is best suited for transmitting a signal 
and outside of which communication is severely degraded or impossible. For example, 
the atmosphere will rapidly attenuate signals in the audible frequency range (10 Hz to 20 
kHz), whereas it will propagate signals at a higher frequency range over longer distances. 
Thus, in transmitting audio signals such as speech or music over a communication channel 
that relies on propagation through the atmosphere, the transmitter first embeds the signal 
through an appropriate process into another, higher frequency signal. 

Many of the concepts and techniques we have developed in the earlier chapters of 
this text play a central role in the analysis and design of communication systems. As with 
any concept that is closely tied to a wide variety of important applications, there are a large 
number of detailed issues to be considered, and, as indicated in the bibliography, there are 
many excellent texts on the subject. While a full and detailed analysis of communication 
systems is well beyond the scope of our discussions here, with the background of the 
previous chapters we are now in a position to introduce some of the basic principles and 
issues encountered in the design and analysis of these systems. 

The general process of embedding an information-bearing signal into a second 
signal is typically referred to as modulation. Extracting the information-bearing signal 
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is known as demodulation. As we will see, modulation techniques not only allow us to 
embed information into signals that can be transmitted effectively, but also make possible 
the simultaneous transmission of more than one signal with overlapping spectra over the 
same channel, through a concept referred to as multiplexing. 

There are a wide variety of modulation methods used in practice, and in this chapter 
we examine several of the most important of these. One large class of modulation meth- 
ods relies on the concept of amplitude modulation or AM in which the signal we wish to 
transmit is used to modulate the amplitude of another signal. A very common form of am- 
plitude modulation is sinusoidal amplitude modulation, which we explore in some detail 
in Sections 8.1—8.4 together with the related concepts of frequency-division multiplexing. 
Another important class of AM systems involves the modulation of the amplitude of a 
pulsed signal, and in Sections 8.5 and 8.6 we examine this form of modulation as well as 
the concept of time-division multiplexing. In Section 8.7 we then examine a different form 
of modulation, namely sinusoidal frequency modulation in which the information-bearing 
signal is used to vary the frequency of a sinusoidal signal. 

All of the discussion up through Section 8.7 focuses attention on continuous-time 
signals, since most transmission media, such as the atmosphere, are best thought of as 
continuous-time phenomena. Nevertheless, not only is it possible to develop analogous 
techniques for discrete-time signals, but it is of considerable practical importance to con- 
sider modulation concepts involving such signals, and in Section 8.8 we examine some of 
the basic ideas behind the communication of discrete-time signals. 


8.1 COMPLEX EXPONENTIAL AND SINUSOIDAL AMPLITUDE MODULATION 


Many communication systems rely on the concept of sinusoidal amplitude modulation, in 
which a complex exponential or sinusoidal signal c(t) has its amplitude multiplied (mod- 
ulated) by the information-bearing signal x(t). The signal x(t) is typically referred to as 
the modulating signal and the signal c(t) as the carrier signal. The modulated signal y(t) 
is then the product of these two signals: 

y(t) = x(t)e(t) 

As we discussed in Section 8.0, an important objective in modulation is to produce a 
signal whose frequency range is suitable for transmission over the communication channel 
to be used. In telephone transmission systems, for example, long-distance transmission is 
often accomplished over microwave or satellite links. The individual voice signals are 
in the frequency range 200 Hz to 4 kHz, whereas a microwave link requires signals in 
the range 300 megahertz (MHz) to 300 gigahertz (GHz), and communication satellite 
links operate in the frequency range from a few hundred MHz to over 40 GHz. Thus, 
for transmission over these channels, the information in a voice signal must be shifted 
into these higher ranges of frequency. As we will see in this section, sinusoidal amplitude 
modulation achieves such a shift in frequency in a very simple manner. 


8.1.1 Amplitude Modulation with a Complex Exponential Carrier 


There are two common forms of sinusoidal amplitude modulation, one in which the carrier 
signal is a complex exponential of the form 


c(t) = е^'®‹!+®) (8.1) 
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and the second in which the carrier signal is sinusoidal and of the form 
c(t) = cos(w-t + 0e). (8.2) 


In both cases, the frequency wc is referred to as the carrier frequency. Let us consider first 
the case of a complex exponential carrier, and for convenience, let us choose 0. = 0, so 
that the modulated signal is 


y(t) = xN. (8.3) 


From the multiplication property (Section 4.5), and with X( jw), Y(jw), and C(jw) 
denoting the Fourier transforms of x(t), y(t), and c(t), respectively, 


+2 
Y(jw) = =- | X(jO)C((o — 0))48. (8.4) 
For c(t) a complex exponential as given in eq. (8.1), 
C(jo) = 2776(w — wc), (8.5) 
and hence, 
| Y(jo) = Х(јо — jwe). (8.6) 


Thus, the spectrum of the modulated output y(t) is simply that of the input, shifted in 
frequency by an amount equal to the carrier frequency we. For example, with X(jw) band 
limited with highest frequency wy (and bandwidth 2wm), as depicted in Figure 8.1(a), 
the output spectrum Y( jw) is that shown in Figure 8.1(c). 


X(jo) 
1 
TOM wM w 
(a) 
C(jw) 
2T 
We w 
(b) 


Figure 8.1 Effect in the frequency 
1 domain of arnplitude modulation with a 
complex exponential carrier: (a) spec- 
trum of modulating signal x(t); (b) 
spectrum of carrier c(t) = e*t; (c 
(oc ew) Me (әс+әм) ә spectrum of э А AMA o> 
(с) nal y(t) = x(t)elt. 
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From eq. (8.3), it is clear that x(t) can be recovered from the modulated signal y(t) 
by multiplying by the complex exponential e /%'; that is, 


x(t) = y(t)e <. (8.7) 


In the frequency domain, this has the effect of shifting the spectrum of the modulated signal 
back to its original position on the frequency axis. The process of recovering the original 
signal from the modulated signal is referred to as demodulation, a topic we discuss at more 
length in Section 8.2. 

Since e/- is a complex signal, eq. (8.3) can be rewritten as 


y(t) = x(t)coso.t + jx(t) sino.t. (8.8) 


Implementation of eq. (8.7) or (8.8) with x(t) real utilizes two separate multipliers and two 
sinusoidal carrier signals that have a phase difference of 7/2, as depicted in Figure 8.2 for 
c(t) given by eq. (8.1). In Section 8.4 we give an example of one of the applications in 
which there are particular advantages to using a system, such as in Figure 8.2, employing 
two sinusoidal carriers with a phase difference of 7/2. 


cos(w,t+ 6,) 
Re {y(t)} 
x(t) 
$m (y(t)} 
Figure 8.2 Implementation of am- 
. plitude modulation with a complex ex- 
sin (wet + Ө) ponential carrier c(t) = eect*62. 


8.1.2 Amplitude Modulation with a Sinusoidal Carrier 


In many situations, using a sinusoidal carrier of the form of eq. (8.2) is often simpler than 
and equally as effective as using a complex exponential carrier. In effect, using a sinusoidal 
carrier corresponds to retaining only the real or imaginary part of the output of Figure 8.2. 
A system that uses a sinusoidal carrier is depicted in Figure 8.3. 


COS (w,t+ 0.) 


Figure 8.3 Amplitude modulation 
x(t) vit) with a sinusoidal carrier. 


The effect of amplitude modulation with a sinusoidal carrier in the form of eq. (8.2) 
can be analyzed in a manner identical to that in the preceding subsection. Again, for 
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convenience we choose 0. = 0. In this case, the spectrum of the carrier signal is 
C(jo) = п[ё(0 — w.) + (0 + о,)], (8.9) 


and thus, from eq. (8.4), 
А 1 r ; В 
Y(jw) = 5X Go = jo.) + X(jo + jo.)]. (8.10) 


With X(jw) as depicted in Figure 8.4(a), the spectrum of y(t) is that shown in Figure 8.4(c). 
Note that there is now a replication of the spectrum of the original signal, centered around 
both +w, and —w,. As a consequence, x(t) is recoverable from y(t) only if v», since 
otherwise the two replications will overlap in frequency. This is in contrast to the case of a 
complex exponential carrier, for which a replication of the spectrum of the original signal is 
centered only around w,. Specifically, as we saw in Section 8.1.1, in the case of amplitude 
modulation with a complex exponential carrier, x(t) can always be recovered from y(t) 
for any choice of w, by shifting the spectrum back to its original location by multiplying 
by e /"-!, as in eq. (8.7). With a sinusoidal carrier, on the other hand, as we see from 
Figure 8.4, if ш, < wy, then there will be an overlap between the two replications of 
Х(јо). For example, Figure 8.5 depicts Y( jw) for w: = «4/2. Clearly, the spectrum of 
x(t) is no longer replicated in Y( jw), and thus, it may no longer be possible to recover x(t) 


from y(t). 
X(j) 
1 
wM wM w 
(a) 
C(j«) 
т т 
— Uc Gc w 
(b) 
Y(jo) 
i Figure 8.4 Effect in the frequency 
domain of amplitude modulation with a 
sinusoidal carrier: (a) spectrum of 
ode def Ed Been wohne] n6 modulating signal x(t); (b) spectrum 


of carrier c(t) = cos wet; (c) spectrum 
(c) of amplitude-modulated signal. 
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Figure 8.5 Sinusoidal amplitude 
modulation with carrier cos wet for 
which ос = ом/2: (a) spectrum of 
(—@y-®,) We о (ом+оз) 9 modulating signal; (b) spectrum of 
(b) modulated signal. 


8.2 DEMODULATION FOR SINUSOIDAL AM 


At the receiver in a communication system, the information-bearing signal х(ї) is recov- 
ered through demodulation. In this section, we examine the process of demodulation for 
sinusoidal amplitude modulation, as introduced in the previous section. There are two com- 
monly used methods for demodulation, each with its own advantages and disadvantages. 
In Section 8.2.1 we discuss the first of these, a process referred to as synchronous demod- 
ulation, in which the transmitter and receiver are synchronized in phase. In Section 8.2.2, 
we describe an alternative method referred to as asynchronous demodulation. 


8.2.1 Synchronous Demodulation 


Assuming that w: > wy, demodulation of a signal that was modulated with a sinusoidal 
carrier is relatively straightforward. Specifically, consider the signal 


y(t) = x(t) cos wet. (8.11) 


As was suggested in Example 4.21, the original signal can be recovered by modulating 
y(t) with the same sinusoidal carrier and applying a lowpass filter to the result. To see this, 
consider 


w(t) = y(t) cos ot. (8.12) 


Figure 8.6 shows the spectra of y(t) and w(t), and we observe that x(t) can be recovered 
from w(t) by applying an ideal lowpass filter with a gain of 2 and a cutoff frequency that 
is greater than wy and less than 20. — wy. The frequency response of the lowpass filter 
is indicated by the dashed line in Figure 8.6(c). 

The basis for using eq. (8.12) and a lowpass filter to demodulate y(t) can also be 
seen algebraically. From eqs. (8.11) and (8.12), it follows that 


w(t) = x(t) cos? wet, 
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Figure 8.6 Demodulation of an amplitude-modulated signal with a sinu- 
soidal carrier: (a) spectrum of modulated signal; (b) spectrum of carrier signal; 
(c) spectrum of modulated signal multiplied by the carrier. The dashed line 
indicates the frequency response of a lowpass filter used to extract the de- 
modulated signal. 


or, using the trigonometric identity 


1.1 
2 EST dua 
COS" шї 5 + z COS 20 (і, 


we can rewrite w(t) as 
w(t) = jo + 0 cos 2o.t. (8.13) 


Thus, w(t) consists of the sum of two terms, namely one-half the original signal and one- 
half the original signal modulated with a sinusoidal carrier at twice the original carrier 
frequency w,. Both of these terms are apparent in the spectrum shown in Figure 8.6(c). 
Applying the lowpass filter to w(t) corresponds to retaining the first term on the right-hand 
side of eq. (8.13) and eliminating the second term. 

The overall system for amplitude modulation and demodulation using a complex 
exponential carrier is depicted in Figure 8.7, and the overall system for modulation and 
demodulation using a sinusoidal carrier is depicted in Figure 8.8. In these figures, we 
have indicated the more general case in which, for both the complex exponential and the 
sinusoidal carrier, a carrier phase 6, is included. The modification of the preceding analysis 
so as to include 6, is straightforward and is considered in Problem 8.21. 


xt) —— (x) v 


el (&ct + 9с) 


(a) 
mu w(t) 


e- (oct + &) 


(b) 


Figure 8.7 System for ampli- 
tude modulation and demodulation 
using a complex exponential car- 
rier: (a) modulation; (b) demodula- 
tion. 
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x(t) y(t) 


cos (wst + Ө.) 


(a) 


wit) x(t) 





Lowpass filter 


cos (aet + 6.) 
(b) 
Figure 8.8 Amplitude modulation and demodulation with a sinusoidal car- 


rier: (a) modulation system; (b) demodulation system. The lowpass filter cut- 
off frequency Weco is greater than wy and less than 20, — wy. 


In the systems of Figures 8.7 and 8.8, the demodulating signal is assumed to be 


synchronized in phase with the modulating signal, and consequently the process is referred 
to as synchronous demodulation. Suppose, however, that the modulator and demodulator 
are not synchronized in phase. For the case of the complex exponential carrier, with Ө, 
denoting the phase of the modulating carrier and $ the phase of the demodulating carrier, 


y(t) = e/e«t*52 (y), (8.14) 

w(t) = e Mette) y(t), (8.15) 
and consequently, 

w(t) = e/9-799 x(t). (8.16) 


Thus, if 6. # фе, w(t) will have a complex amplitude factor. For the particular case in 
which x(t) is positive, x(t) = |w(t)|, and thus x(t) can be recovered by taking the magni- 
tude of the demodulated signal. 

For the sinusoidal carrier, again let 0. and @, denote the phases of the modulating and 
demodulating carriers, respectively, as indicated in Figure 8.9. The input to the lowpass 
filter is now 


w(t) = x(t) cos(w-t + 0,)cos(wct + dc), (8.17) 


or, using the trigonometric identity 


1 
cos(w-t + 0.) cos(w-t + o.) = ‚соб, — Фф) + 5 cos(2o.t + 0. + $e), (8.18) 
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cos (8, — o. )x(t) 





cos(w,t + b.) 
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Figure 8.9 Sinusoidal amplitude modulation and demodulation system for 
which the carrier signals and the modulator and demodulator are not synchro- 
nized: (a) modulator; (b) demodulator. 


we have 


w(t) = оо, = ф„)х@) + 10) cos(2o.t + Ө. + $c), (8.19) 
and the output of the lowpass filter is then x(t) multiplied by the amplitude factor соѕ(0. — 
Ф.). If the oscillators in the modulator and demodulator are in phase, 0. = 4., and the 
output of the lowpass filter is x(t). On the other hand, if these oscillators have a phase 
difference of 7/2, the output will be zero. In general, for a maximum output signal, the os- 
cillators should be in phase. Of even more importance, the phase relation between the two 
oscillators must be maintained over time, so that the amplitude factor соѕ(0. — ф,) does 
not vary. This requires careful synchronization between the modulator and the demodu- 
lator, which is often difficult, particularly when they are geographically separated, as is 
typical in a communication system. The corresponding effects of, and the need for, syn- 
chronization not only between the phase of the modulator and demodulator, but between 
the frequencies of the carrier signals used in both, are explored in detail in Problem 8.23. 


8.2.2 Asynchronous Demodulation 


In many systems that employ sinusoidal amplitude modulation, an alternative demod- 
ulation procedure referred to as asynchronous demodulation is commonly used. Asyn- 
chronous demodulation avoids the need for synchronization between the modulator and 
demodulator. In particular, suppose that x(t) is always positive and that the carrier fre- 
quency we is much higher than wy, the highest frequency in the modulating signal. 
The modulated signal y(t) will then have the general form illustrated in Figure 8.10. 
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In particular, the envelope of y(t)—that is, a smooth curve connecting the peaks in y(t)— 
would appear to be a reasonable approximation to x(t). Thus, x(t) could be approximately 
recovered through the use of a system that tracks these peaks to extract the envelope. Such 
a system is referred to as an envelope detector. One example of a simple circuit that acts 
as an envelope detector is shown in Figure 8.11(a). This circuit is generally followed by a 
lowpass filter to reduce the variations at the carrier frequency, which are evident in Figure 
8.11(b) and which will generally be present in the output of an envelope detector of the 
type indicated in Figure 8.11(a). 

The two basic assumptions required for asynchronous demodulation are that x(t) 
be positive and that x(t) vary slowly compared to w,, so that the envelope is easily 
tracked. The second condition is satisfied, for example, in audio transmission over a radio- 
frequency (RF) channel, where the highest frequency present in x(t) is typically 15 to 20 
kHz апа w,/277 is in the range 500 kHz to 2 MHz. The first condition, that x(t) be positive, 
can be satisfied by simply adding an appropriate constant value to x(t) or, equivalently, 
by a simple change in the modulator, as shown in Figure 8.12. The output of the envelope 
detector then approximates x(t) + A, from which x(t) is easily obtained. 

To use the envelope detector for demodulation, we require that A be sufficiently 
large so that x(t) + A is positive. Let K denote the maximum amplitude of x(r); that is, 
|x(t)| = K. For x(t)+ A to be positive, we require that A > K. The ratio К/А is commonly 
referred to as the modulation index m. Expressed in percent, it is referred to as the percent 
modulation. An illustration of the output of the modulator of Figure 8.12 for x(t) sinu- 
soidal and for т = 0.5 (50% modulation) and т = 1.0 (10096 modulation), is shown in 
Figure 8.13. 

In Figure 8.14, we show a comparison of the spectra associated with the modulated 
signal when synchronous demodulation and when asynchronous demodulation are used. 
We note in particular that the output of the modulator for the asynchronous system in 
Figure 8.12 has an additional component A cos wet that is neither present nor necessary in 
the synchronous system. This is represented in the spectrum of Figure 8.14(c) by the pres- 
ence of impulses at +, and —w,. For a fixed maximum amplitude K of the modulating 
signal, as A is decreased the relative amount of carrier present in the modulated output 
decreases. Since the carrier component in the output contains no information, its presence 


y(t) 


Envelope 


Figure 8.10 Amplitude-modulated 
signal for which the modulating signal 
Envelope is positive. The dashed curve repre- 
sents the envelope of the modulated 
signal. 
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(b) 


Figure 8.11 Demodulation by envelope detection: (a) circuit for envelope 
detection using half-wave rectification; (b) waveforms associated with the en- 
velope detector in (a): r(t) is the half-wave rectified signal, x(f) is the true 
envelope, and w(t) is the envelope obtained from the circuit in (a). The rela- 
tionship between x(t) and w(t) has been exaggerated in (b) for purposes of 
illustration. In a practical asynchronous demodulation system, w(t) would typi- 
cally be a much closer approximation to x(t) than depicted here. 


x(t) y(t)=(A+x(t)) cosw,t 


Figure 8.12 Modulator for an 
asynchronous modulation-demodulation 
COS wet system. 


represents an inefficiency—for example, in the amount of power required to transmit 
the modulated signal—and thus, in one sense it is desirable to make the ratio K/A—i.e., 
the modulation index m—as large as possible. On the other hand, the ability of a simple 
envelope detector such as that in Figure 8.11 to follow the envelope and thus extract x(t) 
improves as the modulation index decreases. Hence, there is a trade-off between the effi- 
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Figure 8.13 Output of the am- 
plitude modulation system of Figure 
8.12: (a) modulation index m = 0.5; 
(b) ` (b) modulation index m = 1.0. 





Figure 8.14 Comparison of spec- 
tra for synchronous and asynchronous 
sinusoidal amplitude modulation sys- 
тА тА tems: (а) spectrum of modulating 
signal; (b) spectrum of x(t) cos wet 
representing modulated signal in a 
synchronous system; (c) spectrum of 
[x(t) + A] cos wet representing modu- 
We We ә lated signal іп an asynchronous 

(c) system. 
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ciency of the system in terms of the power in the output of the modulator and the quality 
of the demodulated signal. 

There are a number of advantages and disadvantages to the asynchronous modulation- 
demodulation system of Figures 8.11 and 8.12, compared with the synchronous system of 
Figure 8.8. The synchronous system requires a more sophisticated demodulator because 
the oscillator in the demodulator must be synchronized with the oscillator in the modu- 
lator, both in phase and in frequency. On the other hand, the asynchronous modulator in 
general requires transmitting more power than the synchronous modulator, since, for the 
envelope detector to operate properly, the envelope must be positive, or equivalently, there 
must be a carrier component present in the transmitted signal. This is often preferable in 
cases such as that associated with public radio broadcasting, in which it is desirable to 
mass-produce large numbers of receivers (demodulators) at moderate cost. The additional 
cost in transmitted power is then offset by the savings in cost for the receiver. On the 
other hand, in situations in which transmitter power requirements are at a premium, as 
in satellite communication, the cost of implementing a more sophisticated synchronous 
receiver is warranted. 


8.3 FREQUENCY-DIVISION MULTIPLEXING 





Many systems used for transmitting signals provide more bandwidth than is required for 
any one signal. For example, a typical microwave link has a total bandwidth of several 
gigahertz, which is considerably greater than the bandwidth required for one voice chan- 
nel. If the individual voice signals, which are overlapping in frequency, have their fre- 
quency content shifted by means of sinusoidal amplitude modulation so that the spectra 
of the modulated signals no longer overlap, they can be transmitted simultaneously over a 
single wideband channel. The resulting concept is referred to as frequency-division multi- 
plexing (FDM). Frequency-division multiplexing using a sinusoidal carrier is illustrated in 
Figure 8.15. The individual signals to be transmitted are assumed to be band limited and 
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Figure 8.15  Frequency-division 
multiplexing using sinusoidal amplitude 
modulation. 
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are modulated with different carrier frequencies. The modulated signals are then summed 
and transmitted simultaneously over the same communication channel. The spectra of the 
individual subchannels and the composite multiplexed signal are illustrated in Figure 8.16. 
Through this multiplexing process, the individual input signals are allocated distinct seg- 
ments of the frequency band. To recover the individual channels in the demultiplexing 
process requires two basic steps: bandpass filtering to extract the modulated signal corre- 
sponding to a specific channel, followed by demodulation to recover the original signal. 
This is illustrated in Figure 8.17 to recover channel a, where, for purposes of illustration, 


synchronous demodulation is assumed. 
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Figure 8.16 Spectra associated 
with the frequency-division multiplexing 
system of Figure 8.15. 
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Figure 8.17 Demultiplexing and demodulation for a frequency-division multiplexed 
signal. 


Telephone communication is one important application of frequency-division multi- 
plexing. Another is the transmission of signals through the atmosphere in the RF band. 
In the United States, the use of radio frequencies for transmitting signals over the range 
10 kHz to 275 GHz is controlled by the Federal Communications Commission, and 
different portions of the range are allocated for different purposes. The current allo- 
cation of frequencies is shown in Figure 8.18. As indicated, the frequency range in 
the neighborhood of 1 MHz is assigned to the AM broadcast band, where AM refers 
specifically to the use of sinusoidal amplitude modulation. Individual AM radio sta- 
tions are assigned specific frequencies within the AM band, and thus, many stations 
can broadcast simultaneously through this use of frequency-division multiplexing. In 
principle, at the receiver, an individual radio station can be selected by demultiplex- 
ing and demodulating, as illustrated in Figure 8.17. The tuning dial on the receiver 
would then control both the center frequency of the bandpass filter and the frequency of 
the demodulating oscillator. In fact, for public broadcasting, asynchronous modulation 
and demodulation are used to simplify the receiver and reduce its cost. Furthermore, 
the demultiplexing in Figure 8.17 requires a sharp cutoff bandpass filter with variable 
center frequency. Variable frequency-selective filters are difficult to implement, and 
consequently, a fixed filter is implemented instead, and an intermediate stage of mod- 
ulation and filtering [referred to in a radio receiver as the intermediate-frequency (IF) 
stage] is used. The use of modulation to slide the spectrum of the signal past a fixed 
bandpass filter replaces the use of a variable bandpass filter in a manner similar to the 
procedure discussed in Section 4.5.1. This basic procedure is incorporated into typical 
home AM radio receivers. Some of the more detailed issues involved are considered in 
Problem 8.36. 

As illustrated in Figure 8.16, in the frequency-division multiplexing system of Fig- 
ure 8.15 the spectrum of each individual signal is replicated at both positive and negative 
frequencies, and thus the modulated signal occupies twice the bandwidth of the original. 
This represents an inefficient use of bandwidth. In the next section we consider an al- 
ternative form of sinusoidal amplitude modulation, which leads to more efficient use of 
bandwidth at the cost of a more complicated modulation system. 
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Typical uses 


Macrowave, submarine com- 
munication 


Data terminals, telephony 


Navigation, telephone, tele- 
graph, frequency and timing 
standards 

Industrial (power line) com- 
munication, aeronautical 
and maritime long-range 
navigation, radio beacons 

Mobile, AM broadcasting, 
amateur, public safety 

Military communication, aero- 
nautical mobile, interna- 
tional fixed, amateur and 
citizen's band, industrial 

FM and TV broadcast, land 
transportation (taxis, buses, 
railroad) 

UHF TV, space telemetry, 
radar, military 


Satellite and space commu- 
nication, common carrier 
(CC), microwave 

Experimental, government, 
radio astronomy 


Optical communications 
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Figure 8.18 Allocation of frequencies in the RF spectrum. 





8.4 SINGLE-SIDEBAND SINUSOIDAL AMPLITUDE MODULATION 


For the sinusoidal amplitude modulation systems discussed in Section 8.1, the total 
bandwidth of the original signal x(t) is 2wm, including both positive and negative 
frequencies, where wy is the highest frequency present in x(t). With the use of a 
complex exponential carrier, the spectrum is translated to о,, and the total width of 
the frequency band over which there is energy from the signal is still 2w m, although the 
modulated signal is now complex. With a sinusoidal carrier, on the other hand, the spec- 
trum of the signal is shifted to +w, and —w,, and thus, twice the bandwidth is required. 
This suggests that there is a basic redundancy in the modulated signal with a sinusoidal 
carrier. Using a technique referred to as single-sideband modulation, we can remove the 
redundancy. 

The spectrum of x(t) is illustrated in Figure 8.19(a), in which we have shaded the 
positive and negative frequency components differently to distinguish them. The spectrum 
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in Figure 8.19(b) results from modulation with a sinusoidal carrier, where we identify an 
upper and lower sideband for the portion of the spectrum centered at +w, and that centered 
at —«.. Comparing Figures 8.19(a) and (b), we see that X( jw) can be recovered if only 
the upper sidebands at positive and negative frequencies are retained, or alternatively, if 
only the lower sidebands at positive and negative frequencies are retained. The resulting 
spectrum if only the upper sidebands are retained is shown in Figure 8.19(c), and the 
resulting spectrum if only the lower sidebands are retained is shown in Figure 8.19(d). 
The conversion of x(t) to the form corresponding to Figure 8.19(c) or (d) is referred to as 
single-sideband modulation (SSB), in contrast to the double-sideband modulation (DSB) 
of Figure 8.19(b), in which both sidebands are retained. 

There are several methods by which the single-sideband signal can be obtained. 
One is to apply a sharp cutoff bandpass or highpass filter to the double-sideband signal of 
Figure 8.19(b), as illustrated in Figure 8.20, to remove the unwanted sideband. Another 
is to use a procedure that utilizes phase shifting. Figure 8.21 depicts a system designed 
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Figure 8.20 System for retaining 
the upper sidebands using ideal high- 
7c Ge © pass filtering. 


to retain the lower sidebands. The system H(jw) in the figure is referred to as a “90° 
phase-shift network,” for which the frequency response is of the form 


H(jo) = | “h ай (8.20) 


j w <0’ 


The spectra of x(t), yı(t) = x(t) cos wet, y2(t) = xp(t)sinw-t, and y(t) are illustrated in 
Figure 8.22. As is examined in Problem 8.28, to retain the upper sidebands instead of the 
lower sidebands, the phase characteristic of H( jw) is reversed so that 


H(jo) = | ho GÀ (8.21) 


-j o«0' 


Аз 18 explored in Problem 8.29, synchronous demodulation of single-sideband systems can 
be accomplished in a manner identical to synchronous demodulation of double-sideband 
systems. The price paid for the increased efficiency of single-sideband systems is added 
complexity in the modulator. 
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Figure 8.21 System for single-sideband amplitude modulation, using a 90° 
phase-shift network, in which only the lower sidebands are retained. 


In summary, in Sections 8.1 through 8.4 we have seen a number of variations of 
complex exponential and sinusoidal amplitude modulation. With asynchronous demod- 
ulation, discussed in Section 8.2.2, a constant must be added to the modulating signal 
so that it is positive. This results in the presence of the carrier signal as a component in 
the modulated output, requiring more power for transmission, but resulting in a simpler 
demodulator than is required in a synchronous system. Alternatively, only the upper or 
lower sidebands in the modulated output may be retained, which makes more efficient use 
of bandwidth and transmitter power, but requires a more sophisticated modulator. Sinu- 
soidal amplitude modulation with both sidebands and the presence of a carrier is typically 
abbreviated as AM-DSB/WC (amplitude modulation, double sideband/with carrier) and, 
when the carrier is suppressed or absent, as AM-DSB/SC (amplitude modulation, double- 
sideband/suppressed carrier). The corresponding single-sideband systems are abbreviated 
AM-SSB/WC and AM-SSB/SC. 

Sections 8.1 through 8.4 are intended to provide an introduction to many of the basic 
concepts associated with sinusoidal amplitude modulation. There are many variations in 
details and implementation, and the reader is referred to the bibliography for an indication 
of the numerous excellent books that explore this topic further. 
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8.5 AMPLITUDE MODULATION WITH A PULSE-TRAIN CARRIER 


8.5.1 Modulation of a Pulse-Train Carrier 


In previous sections, we examined amplitude modulation with a sinusoidal carrier. Another 
important class of amplitude modulation techniques corresponds to the use of a carrier 
signal that is a pulse train, as illustrated in Figure 8.23; amplitude modulation of this type 
effectively corresponds to transmitting equally spaced time slices of x(t). In general, we 
would not expect that an arbitrary signal could be recovered from such a set of time slices. 
However, our examination of the concept of sampling in Chapter 7 suggests that this should 
be possible if x(t) is band limited and the pulse repetition frequency is high enough. 
From Figure 8.23, 


y(t) = x(t)c(t); (8.22) 


i.e., the modulated signal y(t) is the product of x(t) and the carrier c(t). With Y (jæ), Х(јо), 
and C( jw) representing the Fourier transforms of each of these signals, it follows from 
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the multiplication property that 


1 + о . 
Ga) = 5 | X(j)C((o — 8))40. (8.23) 
Since c(t) is periodic with period T, C( jw) consists of impulses in frequency spaced by 
27/T; that is, 
C(jo) = 2m D a,5(w — Кос), (8.24) 
К=—® 


where о. = 2т/Т and the coefficients a, are the Fourier series coefficients of c(t), which, 

from Example 3.5, are 

sin(kw,A/2) 
mk > 


(8.25) 
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The spectrum of c(t) is shown in Figure 8.24(b). With the spectrum of x(t) as illustrated 
in Figure 8.24(a), the resulting spectrum of the modulated signal y(t) is shown in Fig- 
ure 8.24(c). From eqs. (8.23) and (8.24), Y(j«) is a sum of scaled and shifted replicas of 
X(jo): 


+% 


Y(jw)= У a,X(j(w — ko.)). (8.26) 
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Figure 8.24 Spectra associated with amplitude modulation of a pulse train: 
(a) spectrum of a bandlimited-signal x(t); (b) spectrum of the pulse carrier 
signal c(t) in Figure 8.23; (c) spectrum of the modulated pulse train y(t). 
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Comparing eq. (8.26) with eq. (7.6) and Figure 8.24 with Figure 7.3(c), we see that 
the spectrum of y(t) is very similar in form to the spectrum resulting from sampling with 
a periodic impulse train, the only difference being the values of the Fourier coefficients 
of the pulse train. For the periodic impulse train used in Chapter 7, all of the Fourier 
coefficients are equal to 1/T in value, while for the pulse train c(t) in Figure 8.23, the 
Fourier coefficients are given by eq. (8.25). Consequently, the replicas of X(jw) do not 
overlap as long as w: > 20 м, which corresponds to the condition of the Nyquist sampling 
theorem. If this constraint is satisfied, then, as with impulse-train sampling, x(t) can be 
recovered from y(t) through the use of a lowpass filter with cutoff frequency greater than 
wy and less than о. — wy. 

Note that the same conclusion holds for a wide variety of other pulselike carrier 
waveforms: If c(t) is any periodic signal with Fourier transform as in eq. (8.24) for some 
set of Fourier coefficients ag, then Y(jw) is given by eq. (8.26). Then, as long as we = 
2т/Т > 20м, the replicas of X( jw) do not overlap, allowing us to recover x(t) by lowpass 
filtering, provided that the DC Fourier coefficient ag is nonzero. As shown in Problem 
8.11, if ag is zero or unacceptably small, then, by using a bandpass filter to select one of 
the shifted replicas of X(jw) with a larger value of ag, we obtain a sinusoidal AM signal 
with a scaled version of x(t) as the modulating signal. Using the demodulation methods 
described in Section 8.2, we can then recover x(t). 


8.5.2 Time-Division Multiplexing 


Amplitude modulation with a pulse-train carrier is often used to transmit several signals 
over a single channel. As indicated in Figure 8.23, the modulated output signal y(f) is 
nonzero only when the carrier signal c(t) is on (i.e., is nonzero). During the intervals in 
which c(t) is off, other similarly modulated signals can be transmitted. Two equivalent 
representations of this process are shown in Figure 8.25. In this technique for transmitting 
several signals over a single channel, each signal is in effect assigned a set of time slots 
of duration А that repeat every T seconds and that do not overlap with the slots assigned 
to other signals. The smaller the ratio A/T, the larger the number of signals that can be 
transmitted over the channel. This procedure is referred to as time-division multiplexing 
(TDM). Whereas frequency-division multiplexing, as discussed in Section 8.3, assigns 
different frequency intervals to individual signals, time-division multiplexing assigns dif- 
ferent time intervals to individual signals. Demultiplexing the individual signals from the 
composite signal in Figure 8.25 is accomplished by time gating, to select the particular 
time slots associated with each individual signal. 


8.6 PULSE-AMPLITUDE MODULATION 


8.6.1 Pulse-Amplitude Modulated Signals 


In Section 8.5 we described a modulation system in which a continuous-time signal x(t) 
modulates a periodic pulse train, corresponding to transmitting time slices of x(t) of dura- 
tion А seconds every T seconds. As we saw both in that discussion and in our investigation 
of sampling in Chapter 7, our ability to recover x(t) from these time slices depends not on 
their duration A, but rather on their frequency 27/7, which must exceed the Nyquist rate 
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Figure 8.25 — Time-division 
multiplexing. 


in order to ensure an alias-free reconstruction of x(t). That is, in principle, we need only 
transmit the samples x(nT) of the signal x(f). 

In fact, in modern communication systems, sampled values of the information- 
bearing signal x(t), rather than time slices are more typically transmitted. For practical 
reasons, there are limitations on the maximum amplitude that can be transmitted over 
a communication channel, so that transmitting impulse-sampled versions of x(t) is not 
practical. Instead, the samples x(nT) are used to modulate the amplitude of a sequence of 
pulses, resulting in what is referred to as a pulse-amplitude modulation (PAM) system. 
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The use of rectangular pulses corresponds to a sample-and-hold strategy in which 
pulses of duration A and amplitude proportional to the instantaneous sample values of x(t) 
are transmitted. The resulting waveform for a single PAM channel of this type is illus- 
trated in Figure 8.26. In the figure, the dotted curve represents the signal x(t). As with 
the modulation scheme in Section 8.5, PAM signals can be time multiplexed. This is illus- 
trated in Figure 8.27, which depicts the transmitted waveform with three time-multiplexed 
channels. The pulses associated with each channel are distinguished by shading, as well 
as by the channel number above each pulse. For a given pulse-repetition period Т, as the 
pulse width decreases, more time-multiplexed channels can be transmitted over the same 
communication channel or medium. However, as the pulse width decreases, it is typically 
necessary to increase the amplitude of the transmitted pulses so that a reasonable amount 
of energy is transmitted in each pulse. 

In addition to energy considerations, a number of other issues must be addressed 
in designing a PAM signal. In particular, as long as the sampling frequency exceeds the 
Nyquist rate, we know that x(t) can be reconstructed exactly from its samples, and con- 
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Figure 8.26 Transmitted waveform for a single PAM channel. The dotted 
curve represents the signal x(t). 
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Figure 8.27 Transmitted waveform with three time-multiplexed PAM channels. The 
pulses associated with each channel are distinguished by shading, as well as by the 
channel number above each pulse. Here, the intersymbol spacing is Т, = 7/3. 
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sequently we can use these samples to modulate the amplitude of a sequence of pulses of 
any shape. The choice of pulse shape is dictated by considerations such as the frequency 
selectivity of the communication medium being used and the problem of intersymbol in- 
terference, which we discuss next. 


8.6.2 Intersymbol Interference in PAM Systems 


In the TDM pulse-amplitude modulation system just described, the receiver can, in prin- 
ciple, separate the channels by sampling the time-multiplexed waveform at appropriate 
times. For example, consider the time-multiplexed signal in Figure 8.27, which consists 
of pulse-amplitude-modulated versions of three signals x,(f), x2(t), and x3(t). If we sam- 
ple y(t) at appropriate times, corresponding, for example, to the midpoints of each pulse, 
we can separate the samples of the three signals. That is, 


y(t) = Axi(t), fe ЭЛҮ SON us 
y(t) = Ax»(t), PS Fy Ty 3T,7:32:6175,..., (8.27) 
y(t) = Ax3(t), SS 83 tok Ens 


where T' is the intersymbol spacing, here equal to 7/3, and where A is the appropriate 
proportionality constant. In other words, samples of x(t), x2(t), and x3(t) can be obtained 
by appropriate sampling of the received time-multiplexed PAM signal. 

The strategy indicated in the preceding paragraph assumes that the transmitted 
pulses remain distinct as they propagate over the communication channel. In transmis- 
sion through any realistic channel, however, the pulses can be expected to be distorted 
through effects such as additive noise and filtering. Additive noise in the channel will, 
of course, introduce amplitude errors at the sampling times. Filtering due to the nonideal 
frequency response of a channel causes a smearing of the individual pulses that can cause 
the received pulses to overlap in time. This interference is illustrated in Figure 8.28 and 
is referred to as intersymbol interference. 
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Figure 8.28  Intersymbol interference. 
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The smearing over time of the idealized pulses in Figure 8.27 can result from the 
bandwidth constraints of the channel or from phase dispersion caused by nonconstant 
group delay, as was discussed in Section 6.2.2. (See in particular, Example 6.1.) If the 
intersymbol interference is due only to the limited bandwidth of the channel, an approach 
is to use a pulse shape p(t) that is itself band limited and therefore not affected (or only 
minimally affected) by the restricted bandwidth of the channel. In particular, if the chan- 
nel has a frequency response H( jw) that has no distortion over a specified frequency band 
(e.g., if H(jw) = 1 for |w| < W), then if the pulse that is used is band limited (i.e., if 
P(jw) = 0 for |o| = W), each PAM signal will be received without distortion. On the 
other hand, by using such a pulse, we no longer have pulses without overlap as in Fig- 
ure 8.27. Nevertheless, intersymbol interference can be avoided in the time domain, even 
with a band-limited pulse, if the pulse shape is constrained to have zero-crossings at the 
other sampling times [so that eq. (8.27) continues to hold]. For exarnple, consider the sinc 
pulse 


— Tisin(mt/Tj) 
Е ті 


p(t) 


and its corresponding spectrum displayed in Figure 8.29. Since the pulse is zero at integer 
multiples of the symbol spacing 7), as indicated in Figure 8.30, there will be no intersym- 
bol interference at these instants. That is, if we sample the received signal att = kT), then 
the contributions to this sampled value from all of the other pulses, i.e., from p(t — mT|) 
for т # k, will be identically zero. Of course, avoiding interference from adjacent symbols 
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Figure 8.29 А sinc pulse and its corresponding spectrum. 
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Figure 8.30 Absence of intersymbol interference when sinc pulses with 
correctly chosen zero-crossings are used. 


requires high accuracy in the sampling times, so that sampling occurs at the zero-crossings 
of the adjacent symbols. 

The sinc pulse is only one of many band-limited pulses with time-domain zero- 
crossings at +7), +27}, etc. More generally, consider a pulse p(t) with spectrum of the 
form 


14 Pi(jo) |o| = T 
P(jw) = 4 P\(jw), т «lw = T (8.28) 
0, otherwise 


and with Ру (јо) having odd symmetry around 77/7), so that 


P, (o $ т) --P (jo эт) 0<w< p (8.29) 
as illustrated in Figure 8.31. If Ру (јо) = 0, p(t) is the sinc pulse itself. More generally, 
as explored in Problem 8.42, for any P( jw) satisfying the conditions in eqs. (8.28) and 
(8.29), p(t) will have zero-crossing at + Т, +27},.... 

While signals satisfying eqs. (8.28) and (8.29) allow us to overcome the problem 
of limited channel bandwidth, other channel distortions may occur that require a differ- 
ent choice of pulse waveform or some additional processing of the received signal prior 
to the separation of the different TDM signals. In particular, if |H(jw)| is not constant 
over the passband, there may be a need to perform channel equalization—i.e., filtering of 
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Figure 8.31 Odd symmetry around 7/T; as defined in eq. (8.29). 


the received signal to correct for the nonconstant channel gain. Also, if the channel has 
nonlinear phase, distortion can result that leads to intersymbol interference, unless com- 
pensating signal processing is performed. Problems 8.43 and 8.44 provide illustrations of 
these effects. 


8.6.3 Digital Pulse-Amplitude and Pulse-Code Modulation 


The PAM system described in the preceding subsections involves the use of a discrete set 
of samples to modulate a sequence of pulses. This set of samples can be thought of as a 
discrete-time signal x[n], and in many applications x[n] is in fact stored in or generated by 
a digital system. In such cases, the limited word length of a digital system implies that х[л] 
can take on only a finite, quantized set of values, resulting in only a finite set of possible 
amplitudes for the modulated pulses. 

In fact, in many cases this quantized form of digital PAM is reduced to a system 
using only a few—typically, only two—amplitude values. In particular, if each sample of 
x[n] is represented as a binary number (i.e., a finite string of 0’s and 1’s), then a pulse 
with one of two possible values (one value corresponding to a 0 and one value to a 1) can 
be set for each binary digit, or bit, in the string. More generally, in order to protect against 
transmission errors or provide secure communication, the sequence of binary digits rep- 
resenting x[n] might first be transformed or encoded into another sequence of 0’s and 1’s 
before transmission. For example, a very simple error detection mechanism is to transmit 
one additional modulated pulse for each sample of x[n], representing a parity check. That 
is, this additional bit would be set to 1 if the binary representation of x[n] has an odd num- 
ber of 1’s in it and to 0 if there is an even number of 1’s. The receiver can then check the 
received parity bit against the other received bits in order to detect inconsistencies. More 
complex coding and error correction schemes can certainly be employed, and the design 
of codes with particular desirable properties is an important component of communication 
system design. For obvious reasons, a PAM system modulated by an encoded sequence of 
0’s and 1° is referred to as a pulse-code modulation (PCM) system. 
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8.7 SINUSOIDAL FREQUENCY MODULATION 


In the preceding sections, we discussed a number of specific amplitude modulation sys- 
tems in which the modulating signal was used to vary the amplitude of a sinusoidal or 
a pulse carrier. As we have seen, such systems are amenable to detailed analysis using 
the frequency-domain techniques we developed in preceding chapters. In another very 
important class of modulation techniques referred to as frequency modulation (FM), the 
modulating signal is used to control the frequency of a sinusoidal carrier. Modulation sys- 
tems of this type have a number of advantages over amplitude modulation systems. As 
suggested by Figure 8.10, with sinusoidal amplitude modulation the peak amplitude of 
the envelope of the carrier is directly dependent on the amplitude of the modulating signal 
x(t), which can have a large dynamic range—i.e., can vary significantly. With frequency 
modulation, the envelope of the carrier is constant. Consequently, an FM transmitter can 
always operate at peak power. In addition, in FM systems, amplitude variations introduced 
over a transmission channel due to additive disturbances or fading can, to a large extent, 
be eliminated at the receiver. For this reason, in public broadcasting and a variety of other 
contexts, FM reception is typically better than AM reception. On the other hand, as we 
will see, frequency modulation generally requires greater bandwidth than does sinusoidal 
amplitude modulation. 

Frequency modulation systems are highly nonlinear and, consequently, are not as 
straightforward to analyze as are the amplitude modulation systems discussed in the pre- 
ceding sections. However, the methods we have developed in earlier chapters do allow us 
to gain some understanding of the nature and operation of these systems. 

We begin by introducing the general notion of angle modulation. Consider a sinu- 
soidal carrier expressed in the form 


c(t) = Acos(w,t + 0.) = Acos A(t), (8.30) 


where Ө(ї) = „1+ 0, and where wc is the frequency and 0, the phase of the carrier. Angle 
modulation, in general, corresponds to using the modulating signal to change or vary the 
angle @(t). One form that this sometimes takes is to use the modulating signal x(t) to vary 
the phase @, so that the modulated signal takes the form 


y(t) = Acos[o.t + 0,.(1)], (8.31) 
where Ө, is now a function of time, specifically of the form 
0. (t) = 09 + k,x(t). (8.32) 


If x(t) is, for example, constant, the phase of y(t) will be constant and proportional to 
the amplitude of x(t). Angle modulation of the form of eq. (8.31) is referred to as phase 
modulation. Another form of angle modulation corresponds to varying the derivative of 
the angle proportionally with the modulating signal; that is, 


y(t) = Acos 0(t), (8.33) 
where 


d6(t) 


-p 206+ kpx(t). (8.34) 
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For x(t) constant, y(t) is sinusoidal with a frequency that is offset from the carrier fre- 
quency o, by an amount proportional to the amplitude of x(t). For that reason, angle 
modulation of the form of eqs. (8.33) and (8.34) is commonly referred to as frequency 
modulation. 

Although phase modulation and frequency modulation are different forms of angle 
modulation, they can be easily related. From eqs. (8.31) and (8.32), for phase modulation, 


4000) | dx(t) 
uu c teneas 





(8.35) 


x(t) x(t) 
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y(t) t 
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Figure 8.32 Phase modulation, frequency modulation, and their relationship: (a) 
phase modulation with a ramp as the modulating signal; (b) frequency modulation with 
a ramp as the modulating signal; (c) frequency modulation with a step (the derivative of 
a ramp) as the modulating signal. 
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and thus, comparing eqs. (8.34) and (8.35), we see that phase modulating with x(t) is iden- 
tical to frequency modulating with the derivative of x(t). Likewise, frequency modulating 
with x(t) is identical to phase modulating with the integral of x(t). An illustration of phase 
modulation and frequency modulation is shown in Figures 8.32(a) and (b). In both cases, 
the modulating signal is x(t) = fu(t) (i.e., a ramp signal increasing linearly with time 
for t > 0). In Figure 8.32(c), an example of frequency modulation is shown with a step 
(the derivative of a ramp) as the modulating signal [i.e., x(t) = u(t)]. The correspondence 
between Figures 8.32(a) and (c) should be evident. 

Frequency modulation with a step corresponds to the frequency of the sinusoidal 
carrier changing instantaneously from one value to another when x(r) changes value att = 
0, much as the frequency of a sinusoidal oscillator changes when the frequency setting is 
switched instantaneously. When the frequency modulation is a ramp, as in Figure 8.32(b), 
the frequency changes linearly with time. This notion of a time-varying frequency is often 
best expressed in terms of the concept of instantaneous frequency. For 


y(t) = Acos6(t), (8.36) 
the instantaneous frequency of the sinusoid is defined as 


vy 4000) 
w(t) = "n (8.37) 


Thus, for y(t) truly sinusoidal [i.e., Ө(ї) = (wet + 00)], the instantaneous frequency is 
wc, as we would expect. For phase modulation as expressed in eqs. (8.31) and (8.32), the 
instantaneous frequency is о. + ky (d x(r)/dt), and for frequency modulation as expressed 
in eqs. (8.33) and (8.34), the instantaneous frequency is о. + ky x(f). 

Since frequency modulation and phase modulation are easily related, we will phrase 
the remaining discussion in terms of frequency modulation alone. To gain some insight 
into how the spectrum of the frequency-modulated signal is affected by the modulating 
signal x(t), it is useful to consider two cases in which the modulating signal is sufficiently 
simple so that some of the essential properties of frequency modulation become evident. 


8.7.1 Narrowband Frequency Modulation 


Consider the case of frequency modulation with 
X(t) = ACOS @ mt. (8.38) 
From eqs. (8.34) and (8.37), the instantaneous frequency is 
wilt) = we + КуА соѕо і, (8.39) 
which varies sinusoidally between о, + К,А and о, — kp A. With 
Aw = k;A, 
we have 


wilt) = w: + Aw cos w mt, 
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and 


y(t) = cos[wet + [xoan 
(8.40) 


До . 
cos [шї + —— SIN@ mt + Oo |, 
@ 


m 


where бо is a constant of integration. For convenience we will choose до = 0, so that 


y(t) = cos loc + En sin ом) (8.41) 


т 


The factor Aw/w,,, which we denote by m, is defined as the modulation index for 
frequency modulation. The properties of FM systems tend to be different, depending on 
whether the modulation index m is small or large. The case in which m is small is referred 
to as narrowband FM. In general, we can rewrite eq. (8.41) as 


y(t) = cos(wct + тїп w mt) (8.42) 
or 
y(t) = cosw-tcos(msin wt) — SiN wet sin(msin w mt). (8.43) 


When m is sufficiently small (<< 7/2), we can make the approximations 


cos(msinw,,t) = 1, (8.44) 
SIN(M SIN Wt) = msin yt, (8.45) 

so that eq. (8.42) becomes 
y(t) = cos e.t — m(sinw,,f)(sinw¢t). (8.46) 


The spectrum of y(t) based on this approximation is shown in Figure 8.33. We note 
that it has a similarity to AM-DSB/WC in that the carrier frequency is present in the 
spectrum and there are sidebands representing the spectrum of the modulating signal in 
eq. (8.38). However, in AM-DSB/WC the additional carrier injected is in phase with the 
modulated carrier, whereas, as we see in eq. (8.46) for the case of the narrowband FM, 
the carrier signal has a phase difference of 7/2 in relation to the amplitude-modulated 
carrier. The waveforms corresponding to AM-DSB/WC and FM are also very different. 
Figure 8.34(a) illustrates the narrowband FM waveform corresponding to eq. (8.46). For 
comparison, Figure 8.34(b) shows the AM-DSB/WC signal 


y2(t) = cose.t + m(cos 0 mt)(COS w.t). (8.47) 


For the narrowband FM signal of eq. (8.46), the bandwidth of the sidebands is equal 
to the bandwidth of the modulating signal, and in particular, although the approximation 
in the equation is based on assuming that m < 77/2, the bandwidth of the sidebands is 
otherwise independent of the modulation index m (i.e., it depends only on the bandwidth 
of the modulating signal, not on its amplitude). A similar statement applies for narrowband 
FM with a more general modulating signal. 
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8.7.2 Wideband Frequency Modulation 


When т is large, the approximation leading to eq. (8.46) no longer applies, and the spec- 
trum of y(t) depends on both the amplitude and the spectrum of the modulating signal 
x(t). With y(t) expressed in the form of eq. (8.43), we note that the terms cos[m sin vt] 
and sin[m sin wnt] are periodic signals with fundamental frequency wm. Thus, the Fourier 
transform of each of these signals is an impulse train with impulses at integer multiples 
of w,, and amplitudes proportional to the Fourier series coefficients. The coefficients for 
these two periodic signals involve a class of functions referred to as Bessel functions of 
the first kind. The first term in eq. (8.43) corresponds to a sinusoidal carrier of the form 
соѕ о сі amplitude modulated by the periodic signal cos[msinw,,t] and the second term 
to a sinusoidal carrier sinw,t amplitude modulated by the periodic signal sin[m sin о „1]. 
Multiplication by the carrier signals has the effect in the frequency domain of translating 
the spectrum of eq. (8.43) to the carrier frequency, so that it is centered at plus and minus 
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we. In Figures 8.35(a) and (b) we illustrate, for w > 0, the magnitude of the spectra of the 
two individual terms in eq. (8.43), and in Figure 8.35(c) the magnitude of the combined 
spectrum representing the modulated signal y(t). The spectrum of у(г) consists of impulses 
at frequencies tw, + nwm, n = 0, +1, +2,..., and is not, strictly speaking, band limited 
around +w,. However, the behavior of the Fourier series coefficients of cos[m sin wf] 
and sin[msinw,,t] are such that the amplitude of the nth harmonic for |n| > т can be 
considered negligible, and thus, the total bandwidth B of each sideband centered around 
+w, and —w, is effectively limited to 2mw m. That is, 


В = 2mwm, (8.48) 
ог, since т = kpAl@m = Awlwm, 
В = 26А = 2Aw. (8.49) 


Comparing eqs. (8.39) and (8.49), we note that the effective bandwidth of each 
sideband is equal to the total excursion of the instantaneous frequency around the carrier 





Oc w 


(b) 


Figure 8.35 Magnitude of spec- 
trum of wideband frequency modula- 
tion with m = 12: (a) magnitude of 
spectrum of cos wet cos[msin wmt]; 
(b) magnitude of spectrum of 
We © sin wef sin[msin ct]; 
(c) combined spectral magnitude of 
(c) COS[wet + MSIN ont]. 
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frequency. Therefore, for wideband FM, since we assume that m is large, the bandwidth 
of the modulated signal is much larger than the bandwidth of the modulating signal, and 
in contrast to the narrowband case, the bandwidth of the transmitted signal in wideband 
FM is directly proportional to amplitude A of the modulating signal and the gain factor Ку. 


8.7.3 Periodic Square-Wave Modulating Signal 


Another example that lends insight into the properties of frequency modulation is that of a 
modulating signal which is a periodic square wave. Referring to eq. (8.39), let к; = 1 so 
that Aw = A, and let x(t) be given by Figure 8.36. The modulated signal y(t) is illustrated 
in Figure 8.37. The instantaneous frequency is о. + Aw when x(t) is positive and о. — Aw 
when x(t) is negative. Thus, y(t) can also be written as 


y(t) = r(t) cos[(w,. + Ac)r] + 1 = 7 очко. — Aw)t], (8.50) 


x(t) 





Figure 8.36 Symmetric periodic square wave. 


y(t) 


О 
ТТ 


with a periodic square-wave modulat- 
ing signal. 
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where r(t) is the symmetric square wave shown in Figure 8.38. Thus, for this particular 
modulating signal, we are able to recast the problem of determining the spectrum of the 
FM signal y(t) as the determination of the spectrum of the sum of the two AM signals in 
eq. (8.50). Specifically, 


1 
Y(jo) = 2 RU + jw: + jw) + R(jo — jo; — jAw)) 
+ АЁ Go + jw, — jAw) + Rr(jw — jw, + jAo)], (8.51) 


where R( jw) is the Fourier transform of the periodic square wave r(t) in Figure 8.38 and 
Rr( jæ) is the Fourier transform of r(t — T/2). From Example 4.6, with T = 47}, 


- =" tait) (8.52) 


= 2 
R(jo) = L— —(-1X 6 [o 
2 2k +1 
and 
Rr(jo) = R joje T”. (8.53) 


The magnitude of the spectrum of Y(jw) is illustrated in Figure 8.39. As with wideband 
FM, the spectrum has the general appearance of two sidebands, centered around о, + Aw, 
that decay for w < о, — Aw and w > о, + Aw. 


r(t) 





oor pk „1 
2 4 


(ос До) We (о + Aw) w 


Figure 8.39 Magnitude of the spectrum for œ > 0 corresponding to fre- 
quency modulation with a periodic square-wave modulating signal. Each of the 
vertical lines in the figure represents an impulse of area proportional to the 
height of the line. 
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Systems for the demodulation of FM signals typically are of two types. One type of 
demodulation system corresponds to converting the FM signal to an AM signal through 
differentiation, while demodulation systems of the second type directly track the phase or 
frequency of the modulated signal. The foregoing discussion provides only a brief intro- 
duction to the characteristics of frequency modulation, and we have again seen how the 
basic techniques developed in the earlier chapters can be exploited to analyze and gain an 
insight into an important class of systems. 


8.8 DISCRETE-TIME MODULATION 


8.8.1 Discrete-Time Sinusoidal Amplitude Modulation 


A discrete-time amplitude modulation system is depicted in Figure 8.40, in which c[n] 
is the carrier and x[n] the modulating signal. The basis for our analysis of continuous- 
time amplitude modulation was the multiplication property for Fourier transforms— 
specifically, the fact that multiplication in the time domain corresponds to convolution in 
the frequency domain. As we discussed in Section 5.5, there is a corresponding property 
for discrete-time signals which we can use to analyze discrete-time amplitude modulation. 
Specifically, consider 


yin] = x[n]c[n]. 


With X(e/^), Y(e/"), and C(e/") denoting the Fourier transforms of x[n], y[n], and c[n], 
respectively, Y (e/^) is proportional to the periodic convolution of X(e/”) and C(e/”); that 
is, 


Y(e/") = x | X(e/?)C(e/-9)qg, (8.54) 


Since X(e/”) and C(e/") are periodic with a period of 27, the integration can be performed 
over any frequency interval of length 27. 
Let us first consider sinusoidal amplitude modulation with a complex exponential 


carrier, so that 
сп] = е)". (8.55) 


As we saw in Section 5.2, the Fourier transform of c[n] is a periodic impulse train; that is, 


Cle”) = У 278(w — we + Юл), (8.56) 


К=—= 


с[п] 


| 


С) Figure 8.40  Discrete-time ampli- 
i yin] tude modulation. 
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which is sketched in Figure 8.41(b). With X (еі) as illustrated in Figure 8.41(a), the spec- 
trum of the modulated signal is that shown in Figure 8.41(c). In particular, we note that 
Y(e/”) = X(e'? "-). This is the discrete-time counterpart to Figure 8.1, and here again, 
with x[z] real, the modulated signal will be complex. Demodulation is accomplished by 
multiplying by е7 /%" to translate the spectrum back to its original location on the fre- 
quency axis, so that 


x[n] = y[n]e e”. (8.57) 


As explored in Problem 6.43, if w- = т so that c[n] = (— 1)", the result of modula- 
tion in the time domain is to change the algebraic sign of x[n] for odd values of n, while in 
the frequency domain the consequence is the interchanging of high and low frequencies. 
Problem 6.44 explores the use of this type of modulation in utilizing a lowpass filter to 
achieve highpass filtering and vice versa. 

As an alternative to a complex exponential carrier, we can use a sinusoidal carrier, 
in which case, with x[n] real, the modulated signal у[л] will also be real. With c[n] = 
cos wen, the spectrum of the carrier consists of periodically repeated pairs of impulses at 


X(el") 





C(el^) 
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(c) 


Figure 8.41 (а) Spectrum of x[n]; (b) spectrum of c[n] = e!:"; (c) spec- 
trum of y[n] = x[n]c[n]. 
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w = +w, + Кл, as illustrated in Figure 8.42(b). With X(e/“) as shown in Figure 8.42(a), 
the resulting spectrum for the modulated signal is shown in Figure 3.42(c) and corresponds 
to replicating Х(е/°) at the frequencies w = +w, + К2т. In order that the individual 
replications of X(e/”) do not overlap, we require that 


Qc > om (8.58) 
and 
2т — ©, — Wy > ©. 0M 
or, equivalently, 
wc < T — wy. (8.59) 


The first condition is identical to that in Section 8.2 for continous-time sinusoidal ampli- 
tude modulation, while the second results from the inherent periodicity of discrete-time 
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-2m -2T-tu, =w 0 { We \ 27-0. 2m 2т+о; © 
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Figure 8.42 Spectra associated with discrete-time modulation using a 
sinusoidal carrier: (a) spectrum of a bandlimited-signal x[n]; (b) spectrum of a 
sinusoidal carrier signal c[n] = cos wen; (c) spectrum of the modulated signal 
yin] = x[n]c[n). 
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spectra. Combining eqs. (8.58) and (8.59), we see that for amplitude modulation with a 
sinusoidal carrier, we must restrict w, so that 


QM < We < T — wy. (8.60) 


Demodulation can be accomplished in a manner similar to that employed in con- 
tinuous time. As illustrated in Figure 8.43, multiplication of у[л] with the same carrier 
used in the modulator results in several replications of the spectrum of the original signal, 
one of which is centered about w = 0. By lowpass filtering to eliminate the unwanted 
replications of X(e/^), the demodulated signal is obtained. 

As should be evident from the foregoing discussion, analysis of discrete-time am- 
plitude modulation proceeds in a manner similar to that of continuous-time amplitude 
modulation, with only slight differences. For example, as explored in Problem 8.47, in 
the synchronous modulation and demodulation system, the effect of a phase difference or 
a frequency difference between the sinusoidal carriers in the modulator and demodulator 
is identical in both discrete and continuous time. In addition, just as in continuous time, 
we can use discrete-time sinusoidal AM as the basis for frequency-division multiplexing in 





we!) 





x(e!*) 


Figure 8.43 System and associated 
spectra for discrete-time synchronous 
demodulation. 
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discrete time. Furthermore, as explored in Problem 8.48, we can also consider using 
a discrete-time signal to modulate a pulse train, leading to time-division multiplexing 
of discrete-time signals. 

The implementation of discrete-time multiplexing systems provides an excellent ex- 
ample of the flexibility of discrete-time processing in general and the importance of the 
operation of upsampling (see Section 7.5.2) in particular. Consider a discrete-time FDM 
system with M sequences that we wish to frequency-division multiplex. With M channels, 
it is required that the spectral energy for each input channel x;[n] be band limited; that is, 


Хо) = 0, F <|o| <r. (8.61) 


If the sequences originally occupied the entire frequency band corresponding, for example, 
to having sampled a set of continuous-time signals at the Nyquist rate, then they would first 
have to be converted to a higher sampling rate (i.e., upsampled) before frequency-division 
multiplexing. This idea is explored further in Problem 8.33. 


8.8.2 Discrete-Time Transmodulation 


One context in which discrete-time modulation is widely used, together with the oper- 
ations of decimation, upsampling, and interpolation introduced in Chapter 7, is digital 
communication systems. Typically, in such systems continuous-time signals are trans- 
mitted over communication channels in the form of discrete-time signals, obtained by 
sampling. The continous-time signals are often in the form of time-division-multiplexed 
(TDM) or frequency-division-multiplexed (FDM) signals. The signals are then converted 
to discrete-time sequences whose values are represented digitally, for storage or long- 
distance transmission. In some systems, because of different constraints or requirements 
at the transmitting end and the receiving end, or because sets of signals that have been in- 
dividually multiplexed by different methods are then multiplexed together, there is often 
the requirement for converting from sequences representing TDM signals to sequences 
representing FDM signals or vice versa. This conversion from one modulation or multi- 
plexing scheme to another is referred to as transmodulation or transmultiplexing. In the 
context of digital communication systems, one obvious way of implementing transmulti- 
plexing is to convert back to continuous-time signals, demultiplex and demodulate, and 
then modulate and multiplex as required. However, if the new signal is then to be con- 
verted back to a discrete-time signal, it is clearly more efficient for the entire process to 
be carried out directly in the discrete-time domain. Figure 8.44 shows, in block diagram 
form, the steps involved in converting a discrete-time TDM signal to a discrete-time FDM 
signal. Note that, after demultiplexing the TDM signal, each channel must be upsampled 
in preparation for frequency-division multiplexing. 


8.9 SUMMARY 


In this chapter, we have examined a number of the basic concepts associated with com- 
munication systems. In particular, we have examined the concept of modulation, in which 
a signal we wish to communicate is used to modulate a second signal referred to as the 
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carrier, and we have looked in detail at the concept of amplitude modulation. The proper- 
ties of amplitude modulation are most easily interpreted in the frequency domain through 
the multiplication property of the Fourier transform. Amplitude modulation with a com- 
plex exponential or sinusoidal carrier is typically used to shift the spectrum of a sig- 
nal in frequency and is applied, for example, in communication systems to place the 
spectrum in a frequency range suitable for transmission and to permit frequency-division 
multiplexing. Variations of sinusoidal amplitude modulation, such as the insertion of a 
carrier signal for asynchronous systems and single- and double-sideband systems, were 
discussed. 

We also examined several other forms of modulation-based communication. 
In this regard, we briefly introduced the concepts of frequency and phase modula- 
tion. Although these forms of modulation are more difficult to analyze in detail, it 
is possible to gain significant insight into their characteristics through the frequency 
domain. 

We further examined in some detail amplitude modulation of a pulsed signal, 
which led us to the concepts of time-division multiplexing and pulse-amplitude 
modulation, in which successive samples of a discrete-time signal are used to mod- 
ulate the amplitude of a sequence of pulses. This led in turn to an examination of 
discrete-time modulation and digital communication, in which the flexibility of discrete- 
time processing facilitates the design and implementation of more sophisticated 
communication systems involving concepts such as pulse-code modulation and 
transmodulation. 


Chapter 8 Problems 


The first section of problems belongs to the basic category, and the answers are pro- 
vided in the back of the book. The remaining two sections contain problems belonging to 
the basic and advanced categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


8.1. Let x(t) be a signal for which X(jw) = 0 when |w| > ом. Another signal y(t) is 
specified as having the Fourier transform Ү(јо) = 2X(j(w — о,)). Determine a 
signal m(t) such that 


x(t) = y(t)m(t). 


8.2. Let x(t) be a real-valued signal for which X( jæ) = 0 when |w| > 1,0007. Suppos- 
ing that y(t) = e/*' x(t), answer the following questions: 
(a) What constraint should be placed on о, to ensure that x(t) is recoverable from 
y(t)? 
(b) What constraint should be placed on we to ensure that x(t) is recoverable from 


(у)? 


626 


Signals and Systems, Second Edition 





8.3. 


8.4. 


8.5. 


8.6. 


Let x(t) be a real-valued signal for which X(jw) = 0 when |w| > 2,0007. Ampli- 
tude modulation is performed to produce the signal 


g(t) = x(t) sin(2,00077). 


A proposed demodulation technique is illustrated in Figure P8.3 where g(t) is the 
input, y(t) is the output, and the ideal lowpass filter has cutoff frequency 2,0007 
and passband gain of 2. Determine y(t). 


y(t) 





cos(20007mt) Figure P8.3 
Suppose 
x(t) = sin 2007: + 2sin 4007t 
and 


g(t) = x(t) sin 4007. 


If the product g(r)(sin 4007) is passed through an ideal lowpass filter with cutoff 
frequency 4007r and passband gain of 2, determine the signal obtained at the output 
of the lowpass filter. 


Suppose we wish to transmit the signal 


sin 1,0007t 
ті 
using a modulator that creates the signal 
w(t) = (x(t) + A) cos(10,0007rt). 


Determine the largest permissible value of the modulation index m that would allow 
asynchronous demodulation to be used to recover x(t) from w(t). For this problem, 
you should assume that the maximum magnitude taken on by a side lobe of a sinc 
function occurs at the instant of time that is exactly halfway between the two zero- 
crossings enclosing the side lobe. 


Assume that x(t) is a signal whose Fourier transform X(jw) is zero for |w| > wy. 
The signal g(t) may be expressed in terms of x(t) as 


g(t) = x(t) cos o.t — [so COS Wt * em) А 
Tt 


where * denotes convolution and о, > wy. Determine the value of the constant А 
such that 
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Asinwyt 


x(t) = (g(t) cos ot) * = 


8.7. An AM-SSB/SC system is applied to a signal x(t) whose Fourier transform X( jæ) is 
zero for |w| > wm. The carrier frequency w, used in the system is greater than wy. 
Let g(t) denote the output of the system, assuming that only the upper sidebands 
are retained. Let g(t) denote the output of the system, assuming that only the lower 
sidebands are retained. The system in Figure P8.7 is proposed for converting g(t) 
into q(t). How should the parameter wọ in the figure be related to w.? What should 
be the value of passband gain A? 


q(t) 





cosw ot Figure P8.7 


8.8. Consider the modulation system shown in Figure P8.8. The input signal x(t) has a 
Fourier transform X( jæ) that is zero for || > wy. Assuming that c. > wm, answer 
the following questions: 

(a) Is y(t) guaranteed to be real if x(t) is real? 
(b) Can x(t) be recovered from y(t)? 


coso.t 


y(t) 





sinat Figure P8.8 


8.9 


Two signals x,(t) and x(t), each with a Fourier transform that is zero for |w| > 
о, are to be combined using frequency-division multiplexing. The AM-SSB/SC 
technique of Figure 8.21 is applied to each signal in a manner that retains the lower 
sidebands. The carrier frequencies used for x, (f) and x2(t) are о, and 2o. , respec- 
tively. The two modulated signals are then summed together to obtain the FDM 
signal y(t). 
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(a) For what values of w is Y( jw) guaranteed to be zero? 
(b) Specify the values of A and wọ so that 


si t 
x(t) = | y(t) * Ser) cost |+ йаш; Р 








ті 


where * denotes convolution. 


8.10. A signal x(t) is multiplied by the rectangular pulse train c(t) shown in Figure P8.10. 
(a) What constraint should be placed on X( jw) to ensure that x(t) can be recovered 
from the product x(t)c(t) by using an ideal lowpass filter? 
(b) Specify the cutoff frequency w, and the passband gain A of the ideal lowpass 
filter needed to recover x(t) from x(t)c(t). [Assume that X(jw) satisfies the 
constraint determined in part (a).] 


c(t) e d d 3sec 
-1073 2x1073 t(sec) 


Figure P8.10 


8.11. Let 
c(t) = > ageet, 
k2-—- 
where ay = O and a, = 0, bea real-valued periodic signal. Also, let x(t) be a signal 
with X(jw) = О for |w| = «,/2. The signal x(t) is used to modulate the carrier c(t) 
to obtain 
y(t) = x(t)c(t). 
(a) Specify the passband and the passband gain of an ideal bandpass filter so that, 
with input y(r), the output of the filter is 
g(t) = (а1е/ + але 1°") x(t), 
(b) If a, = |a;|e/*“', show that 
g(t) = Acos(o.t + ф)х(ї), 
and express A and ф in terms of |а; | and Lay. 


Consider a set of 10 signals x;(t),i = 1, 2, 3,..., 10. Assurne that each x;(t) has 
Fourier transform such that X;( jw) = 0 for |o| = 2,0007. АП 10 signals are to be 
time-division multiplexed after each is multiplied by a carrier c(t) shown in Figure 
P8.12. If the period T of c(t) is chosen to have the maximum allowable value, what 
is the largest value of A such that all 10 signals can be time-division multiplexed? 


8.12 
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A 
——H 
=T 0 T 2T t 
Figure P8.12 


8.13. A class of popularly used pulses in PAM are those which have a raised cosine fre- 
quency response. The frequency response of one of the members of this class is 


Tia 


Po) = (I + cos #1), 0 = [e| = 27 
; elsewhere 


where T; is the intersymbol spacing. 
(a) Determine p(0). 
(b) Determine p(kT;), where k = +1, +2,.... 


8.14. Consider the frequency-modulated signal 


y(t) = cos(o.t + mcos о і), 
where w: >> wm and т << 7/2. Specify an approximation to Y(jw) for w > 0. 


8.15. For what values of wọ in the range —7 < wo < 7 is amplitude modulation with 
carrier e/^^" equivalent to amplitude modulation with carrier cos «on? 


8.16. Suppose x[n] is a real-valued discrete-time signal whose Fourier transform X(e/^) 
has the property that 


X(e/*) = 0 for — = 0 = л. 
We use x[n] to modulate a sinusoidal carrier c[n] = ѕіп(57/2)п to produce 


yin] = x[n]c[n]. 


Determine the values of о in the range 0 = w = т for which Y(e/^) is guaranteed 
to be zero. 


8.17. Consider an arbitrary finite-duration signal x[n] with Fourier transform X(e/"). We 
generate a signal g[n] through insertion of zero-valued samples: 


x[n/4], n = 0, +4, +8, +12,... 
aln] = x[n] = | M de ; 


The signal g[n] is passed through an ideal lowpass filter with cutoff frequency 7/4 
and passband gain of unity to produce a signal q[n]. Finally, we obtain 


y[n] = q[n] cos (Fa) 


For what values of w is Y(e/^) guaranteed to be zero? 


630 


8.18. 


Signals and Systems, Second Edition 


Let x[n] be a real-valued discrete-time signal whose Fourier transform X(e/^) is 
zero for w = 71/4. We wish to obtain a signal y[n] whose Fourier transform has the 
property that, in the interval -m < w = т, 


| Х(е®-у, т< = 

Ү(е!/°) = X(eXo* 3), -2 <w 

0, otherwise 

The system in Figure P8.18 is proposed for obtaining y[n] from x[n]. Determine 


constraints that the frequency response H(e/”) of the filter in the figure must satisfy 
for the proposed system to work. 


cos (Fn) 





8.19. 


8.20. 


(Т 
sin(5n) Figure P8.18 


Consider 10 arbitrary real-valued signals x;[n], i = 1, 2,..., 10. Suppose each x;[n] 
is upsampled by a factor of N, and then sinusoidal amplitude modulation is applied 
to it with carrier frequency о; = i7/10. Determine the value of N which would 
guarantee that all 10 modulated signals can be summed together to yield an FDM 
signal y[n] from which each x;[n] can be recovered. 


Let у [л] and v2[n] be two discrete-time signals obtained a the sampling 
(without aliasing) of continuous-time signals. Let 


yin] = ў|[п] + [и — 1] 


be a TDM signal, where, for i = 1, 2, 
[п] = 18 п = 0, #2, +4, +6,.... 
0, otherwise 


The signal у[л] is processed by the system S depicted in Figure P8.20 to obtain a 
signal g[n]. For the two filters used in S, 


. 1, 
mer = |0 л<<=т` 
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Determine the signal p[n] used in S such that [л] represents frequency-division 
multiplexing of v; [n] and у› [л]. à 


pin] 


yin] 






e!“H,(e!”) 


р[п—1] Figure P8.20 


BASIC PROBLEMS 


8.21. In Sections 8.1 and 8.2, we analyzed the sinusoidal amplitude modulation and de- 
modulation system of Figure 8.8, assuming that the phase 9, of the carrier signal 
was Zero. 

(a) For the more general case of arbitrary phase 6, in the figure, show that the signal 
in the demodulation system can be expressed as 


w(t) = 5х0) + su) cos(2o.t + 200). 


(b) If x(t) has a spectrum that is zero for |w| = ом, determine the relationships 
required among «., [the cutoff frequency of the ideal lowpass filter in Figure 
8.8(b)], ог (the carrier frequency), and wm so that the output of the lowpass 
filter is proportional to x(t). Does your answer depend on the carrier phase 0.? 


8.22. In Figure P8.22(a), a system is shown with input signal х(ї) and output signal y(t). 
The input signal has the Fourier transform X(jw) shown in Figure P8.22(b). Deter- 
mine and sketch Y( jw), the spectrum of y(t). 


x(t) 1 
y(t) 
—5w -3w Зу 5w o 


cos(5wt) cos(3wt) 


(a) 





Figure P8.22 
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X (jo) 


—2w 2w 


(b) Figure P8.22 Continued 


8.23. In Section 8.2, we discussed the effect of a loss of synchronization in phase between 


the carrier signals in the modulator and demodulator in sinusoidal amplitude modu- 
lation. We showed that the output of the demodulation is attenuated by the cosine of 
the phase difference, and in particular, when the modulator and demodulator have 
a phase difference of 7/2, the demodulator output is zero. As we demonstrate іп 
this problem, it is also important to have frequency synchronization between the 
modulator and demodulator. 

Consider the amplitude modulation and demodulation systems in Figure 8.8 
with ө. = О and with a change in the frequency of the demodulator carrier so that 


w(t) = y(t) cos ot, 
where 

y(t) = x(t) cos wet. 
Let us denote the difference in frequency between the modulator and demodulator 
as Aw (i.e., 04 — w: = Aw). Also, assume that x(t) is band limited with X(jw) = 0 
for |w| = ом, and assume that the cutoff frequency wco of the lowpass filter in the 
demodulator satisfies the inequality 

wy + Aw < 0,4 < 20, + Aw — wy. 
(a) Show that the output of the lowpass filter in the demodulator is proportional to 
x(t) cos(Aot). 


(b) If the spectrum of x(t) is that shown in Figure P8.23, sketch the spectrum of the 
output of the demodulator. 


X(jw) 
1 


ом "M © Figure P8.23 


8.24. Figure P8.24 shows a system to be used for sinusoidal amplitude modulation, where 


x(t) is band limited with maximum frequency «y, so that X( jo) = 0, |ш| > wy. 
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As indicated, the signal s(t) is a periodic impulse train with period T and with an 

offset from t = 0 of A. The system H(jw) is a bandpass filter. 

(a) With A = 0, wm = 7/27, о = TIT, and w, = 3т/Т, show that y(t) is pro- 
portional to x(t) cos wct, where we = 2a/T. 

(b) If wy, wj, and w, are the same as given in part (a), but A is not necessarily 
zero, show that y(t) is proportional to x(t) соѕ(о „г + 0<), and determine w, and 
0, as a function of T and A. 

(c) Determine the maximum allowable value of о у relative to T such that y(t) is 
proportional to x(t) cos(w.t + 0.). 


x(t) 





s(t) 


s(t) 


p^r 


0А (T+A) (2T+A) t 


ж. = =. 0 Oh © Figure P8.24 


8.25. A commonly used system to maintain privacy in voice communication is a speech 
scrambler. As illustrated in Figure P8.25(a), the input to the system is a normal 
speech signal x(t) and the output is the scrambled version y(t). The signal y(t) is 
transmitted and then unscrambled at the receiver. 

We assume that all inputs to the scrambler are real and band limited to the 
frequency wy; that is, X(jw) = 0 for |о| > ом. Given any such input, our pro- 
posed scrambler permutes different bands of the spectrum of the input signal. In 
addition, the output signal is real and band limited to the sarne frequency band; that 
is, Y(jw) = О for |о| > ом. The specific algorithm for the scrambler is 


Y(jw) = X(j@-wy)), >0, 
Y(jo) = X(j(o * o4), wo <0. 


(a) If X( јо) is given by the spectrum shown in Figure P8.25(b), sketch the spec- 
trum of the scrambled signal y(t). 

(b) Using amplifiers, multipliers, adders, oscillators, and whatever ideal filters you 
find necessary, draw the block diagram for such an ideal scrambler. 

(c) Again using amplifiers, multipliers, adders, oscillators, and ideal filters, draw a 
block diagram for the associated unscrambler. 


634 Signals and Systems, Second Edition 


x(t) —>- (ww em Unscrambler — x(t) 
(Normal 
(а) 


speech) 


Х(јо) 
—Wy —®{ © wM @ 
(b) 
Figure P8.25 


8.26. In Section 8.2.2, we discussed the use of an envelope detector for asynchronous 
demodulation of an AM signal of the form y(t) = [x(t) + A]cos(w,t + 0,). An 
alternative demodulation system, which also does not require phase synchroniza- 
tion, but does require frequency synchronization, is shown in block diagram form 
in Figure P8.26. The lowpass filters both have a cutoff frequency of we. The signal 
y(t) = [x(t) + A] cos(w-t + 0.), with 0. constant but unknown. The signal x(f) is 
band limited with X(jw) = 0, |о| > ом, and with wy < wc. As we required for 
the use of the envelope detector, x(t) + A > 0 for all t. 

Show that the system in Figure P8.26 can be used to recover x(t) from y(t) 
without knowledge of the modulator phase Ө. 


Lowpass 
filter 


cos wet 





y(t) 
Lowpass 
filter 


Figure P8.26 





sinw,t 


8.27. As discussed in Section 8.2.2, asynchronous modulation -demodulation requires the 
injection of the carrier signal so that the modulated signal is of the form 


8.28. 
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y(t) = [A + x(t)] cos(wct + 0.), (P8.27-1) . 


where A + x(t) > 0 for all t. The presence of the carrier means that more transmitter 

power is required, representing an inefficiency. 

(а) Let x(t) = coswyt with wy < wc and A + x(t) > 0. For a periodic signal y(t) 
with period T, the average power over time is defined as Р, = (1/T) Í T y*(t) dt. 
Determine and sketch P, for y(t) in eq. (P8.27-1). Express your answer as a 
function of the modulation index т, defined as the maximum absolute value of 
x(t) divided by A. 

(b) The efficiency of transmission of an amplitude-modulated signal is defined to 
be the ratio of the power in the sidebands of the signal to the total power in the 
signal. With x(t) = cos м1, and with wy < wc and A + x(t) > 0, determine 
and sketch the efficiency of the modulated signal as a function of the modulation 
index m. 

In Section 8.4 we discussed the implementation of single-sideband modulation using 

90? phase-shift networks, and in Figures 8.21 and 8.22 we specifically illustrated 

the system and associated spectra required to retain the lower sidebands. 

Figure P8.28(a) shows the corresponding system required to retain the upper 
sidebands. 


coswt 





(b) Figure P8.28 
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(a) With the same X(jw) illustrated in Figure 8.22, sketch Y,( je), Yo(jw), and 
Y( jo) for the system in Figure P8.28(a), and demonstrate that only the upper 
sidebands are retained. 

(b) For X( jw) imaginary, as illustrated in Figure P8.28(b), sketch Y; (jæ), Y2( jo), 
and Y( jw) for the system in Figure P8.28(a), and demonstrate that, for this case 
also, only the upper sidebands are retained. 


Single-sideband modulation is commonly used in point-to-point voice communica- 
tion. It offers many advantages, including effective use of available power, con- 
servation of bandwidth, and insensitivity to some forms of random fading in the 
channel. In double-sideband suppressed carrier (DSB/SC) systems the spectrum 
of the modulating signal appears in its entirety in two places in the transmitted 
spectrum. Single-sideband modulation eliminates this redundancy, thus conserving 
bandwidth and increasing the signal-to-noise ratio within the remaining portion of 
the spectrum that is transmitted. 

In Figure P8.29(a), two systems for generating an amplitude-modulated 
single-sideband signal are shown. The system on the top can be used to generate a 
single-sideband signal for which the lower sideband is retained, and the system on 
the bottom can produce a single-sideband signal for which the upper sideband is 
retained. 

(a) For X(jw) as shown in Figure P8.29(b), determine and sketch S(jw), the 
Fourier transform of the lower sideband modulated signal, and R(jw), the 
Fourier transform of the upper sideband modulated signal. Assume that 
=, > W3. 

The upper sideband modulation scheme is particularly useful with voice 
communication, as any real filter has a finite transition region for the cutoff 
(i.e., near wc). This region can be accommodated with negligible distortion, 
since the voice signal does not have any significant energy near w = 0 (i.e., for 
|o] < оу = 27 х 40 Hz). 

(b) Another procedure for generating a single-sideband signal is termed the phase- 
shift method and is illustrated in Figure P8.29(c). Show that the single- 
sideband signal generated is proportional to that generated by the lower 
sideband modulation scheme of Figure P8.29(a) [i.e., p(t) is proportional 
to s(t)]. 

(c) АП three AM-SSB signals can be demodulated using the scheme shown on 
the right-hand side of Figure P8.29(a). Show that, whether the received sig- 
nal is s(t), r(t), or p(t), as long as the oscillator at the receiver is in phase 
with oscillators at the transmitter, and w = we, the output of the demodulator 
is x(t). 

The distortion that results when the oscillator is not in phase with the trans- 
mitter, called quadrature distortion, can be particularly troublesome in data 
communication. 


Amplitude modulation with a pulse-train carrier may be modeled as in Figure 

P8.30(a). The output of the system is q(t). 

(a) Let x(t) be a band-limited signal [i.e., X(jw) = 0, |o| = z/T], as shown in 
Figure P8.30(b). Determine and sketch R( jo) and Q( jw). 
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cosw,t coswt 


= (t) 
a ПП | 


—-w м ш 


cos o.t 





X(jo) 


t 
= p(t) 





(c) 


Figure P8.29 
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(b) Find the maximum value of A such that w(t) = x(t) with an appropriate filter 
M(jo). | 
(c) Determine and sketch the compensating filter M(jw) such that w(t) = x(t). 


PAM system 


M(jw) 





| 
Al3 
Ala 


(b) Figure P8.30 


8.31. Let x[n] be a discrete-time signal with spectrum X (e/”), and let p(t) be a continuous- 
time pulse function with spectrum Р( јо). We form the signal 


+ос 


yt) = У x[nlp(t — n). 


п= — о 


(a) Determine the spectrum Y( јо) іп terms of Х(е/°) and Р(јо). 
(b) If 


@ = cos8rt, Ostal 
P 0, elsewhere ' 


determine P( jw) and Y( jo). 
8.32. Consider a discrete-time signal x[n] with Fourier transform shown in Figure 
P8.32(a). The signal is amplitude modulated by a sinusoidal sequence, as indi- 
cated in Figure P8.32(b). 
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(a) Determine and sketch Y(e/^), the Fourier transform of y[n]. 

(b) A proposed demodulation system is shown in Figure P8.32(c). For what value 
of 0c, «y, and G will £[n] = x[n]? Are any restrictions on о, and wip necessary 
to guarantee that x[n] is recoverable from y[n]? 


X(g^) 
1 
т —Wo Qo T 
(a) 
un: cH y[n] 
cosw,n 
(b) 


ĝin] 





cos[w,n+6,] 


(c) Figure P8.32 


8.33. Let us consider the frequency-division multiplexing of discrete-time signals x;[n], 
і = 0, 1,2,3. Furthermore, each x;[n] potentially occupies the entire frequency 
band (—7 < о < т). The sinusoidal modulation of upsarnpled versions of each 
of these signals may be carried out by using either double-sideband techniques or 
single-sideband techniques. 

(a) Suppose each signal x;[n] is appropriately upsampled and then modulated with 
cos[i(7/4)n]. What is the minimum amount of upsampling that must be carried 
out on each x;[n] in order to ensure that the spectrum of the FDM signal does 
not have any aliasing? 

(b) If the upsampling of each x;[n] is restricted to be by a factor of 4, how would 
you use single-sideband techniques to ensure that the FDM signal does not have 
any aliasing? Hint: See Problem 8.17. 
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ADVANCED PROBLEMS 


8.34. 


8.35. 


Mo 


In discussing amplitude modulation systems, modulation and demodulation were 
carried out through the use of a multiplier. Since multipliers are often difficult to 
implement, many practical systems use a nonlinear element. In this problem, we 
illustrate the basic concept. 

In Figure P8.34, we show one such nonlinear system for amplitude modu- 
lation. The system consists of squaring the sum of the modulating signal and the 
carrier and then bandpass filtering to obtain the amplitude-modulated signal. 

Assume that x(t) is band limited, so that X(jw) = 0, |w| > wy. Deter- 
mine the bandpass filter parameters A, w;, and w, such that y(t) is an amplitude- 
modulated version of x(t) [i.e., such that y(t) = x(t) cos wt]. Specify the necessary 
constraints, if any, on wc and wy. 


cos(o.t) 


| Ho) 
x) —>(+) g "t [ y(t) 
=O, —Uj bl 


Figure P8.34 





The modulation-demodulation scheme proposed in this problem is similar to sinu- 
soidal amplitude modulation, except that the demodulation is done with a square 
wave with the same zero-crossings as cosw,t. The system is shown in Figure 
P8.35(a); the relation between cos оѓ and p(t) is shown in Figure P8.35(b). Let the 
input signal x(t) be a band-limited signal with maximum frequency wy < wc, as 
shown in Figure P8.35(c). 

(a) Sketch and dimension the real and imaginary parts of Z( јо), P( jw), and Y( jw), 

the Fourier transforms of z(t), p(t), and y(t), respectively. 
(b) Sketch and dimension a filter H( jw) so that v(t) = x(t). 


dulation Demodulation 


(a) Figure P8.35 
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cosw ct 








(b) 


Re {X(jo)} 





Figure P8.35 Continued 


8.36. The accurate demultiplexing-demodulation of radio and television signals is gener- 
ally performed using a system called the superheterodyne receiver, which is equiv- 
alent to a tunable filter. The basic system is shown in Figure P8.36(a). 

(a) The input signal y(t) consists of the superposition of many amplitude-modulated 
signals that have been multiplexed using frequency-division multiplexing, so 
that each signal occupies a different frequency channel. Let us consider one such 
channel that contains the amplitude-modulated signal y\(t) = x(t) cosw-t, 
with spectrum Y, (jw) as depicted at the top of Figure P8.36(b). We want to de- 
multiplex and demodulate y; (7) to recover the modulating signal x, (t), using the 
system of Figure P8.36(a). The coarse tunable filter has the spectrum H; (jæ) 
shown at the bottom of Figure P8.36(b). Determine the spectrum Z( jw) of the in- 
put signal to the fixed selective filter H5(j«). Sketch and label Z(jw) for 
w > 0. 

The fixed frequency-selective filter is a bandpass type centered around the fixed 

frequency w у, as shown in Figure P8.36(c). We would like the output of the 

filter with spectrum H( jw) to be r(t) = xi(t) cosc pt. In terms of ш, and wy, 
what constraint must w7 satisfy to guarantee that an undistorted spectrum of 
х1(7) is centered around w = wp? 

(c) What must G, a, and В be in Figure P8.36(c) so that r(t) = xi(r) cos ш yt? 
8.37. The following scheme has been proposed to perform amplitude modulation: The in- 

put signal x(f) is added to the carrier signal cos c.t and then put through a nonlinear 


(b 


— 
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Figure P8.36 


Chapter 8 Communication Systems : 643 





device, so that the output z(t) is related to the input by 
(йу = 2" = 1, 
y(t) = x(t) + cos wet. 
This is illustrated in Figure P8.37(a). Such a nonlinear relation can be implemented 


through the current-voltage characteristics of a diode, where, with i(t) and v(t) the 
diode and current and voltage, respectively, 


i(t) = Ibe” —1 (areal). 


To study the effects of nonlinearity, we can examine the spectrum of z(t) and how 
it relates to X(jw) and we. To accomplish this, we use the power series for e”, 
which is 


TII TEN PT 


(a) If the spectrum of x(t) is given by Figure P8.37(b), and if we = 1000, sketch 
and label Z( jo), the spectrum of z(t), using the first four terms in the power 
series for e". 

(b) The bandpass filter has parameters as shown in Figure P8.37(c). Determine the 
range of а and the range of В such that r(t) is an amplitude-modulated version 
of x(t). 


r(t) 





X(jo) 
1 
= 01 (4 о 
(b) 
H(jw) 
Каас 
-B —&« a В o 
(c) Figure P8.37 


8.38. In Figure P8.38(a), a communication system is shown that transmits a band-limited 


signal x(t) as periodic bursts of high-frequency energy. Assume that X(jw) = 0 for 
|ш| > wy. Two possible choices, m; (t) and m»(t), are considered for the modulating 
signal m(t). m;(t) is a periodic train of sinusoidal pulses, each of duration D, as 
shown in Figure P8.38(b). That is, 
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т() = >, p(t — kT), 
к= – 


where 


_ [| созше, || < (D/2) 
po = [5 It| (р/2)` 


m(t) is cos wct periodically blanked or gated; that is, m2(t) = g(f) cos c.t, where 
g(t) is as shown in Figure P8.38(b). 


m(t) coso.t 
H(jw) 
x(t) —- rh r(t) 
(a) Bis s 








—D/2 D/2 T i 





(b) 


Figure P8.38 
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The following relationships between the parameters Т, D, wc, and wy are 
assumed: 


DT, 


Also, assume that [sin(x)]/x is negligible for x >> 1. 

Determine whether, for some choice of wy, either т (1) ог m(t) will result in 
a demodulated signal x(t). For each case in which your answer is yes, determine an 
acceptable range for «jy. 


Suppose we wish to communicate one of two possible messages: message то or 
message mı. To do so, we will send a burst of one of two frequencies over a time 
interval of length 7. Note that T is independent of which message is being trans- 
mitted. For message то we will send cos «t, and for message m; we will send 
cos w)t. Thus, a burst b(t) will look as shown in Figure P8.39(a). Such a communi- 


Mo(t) 
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absolute 
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mg or 
"m," 


COS Q4t 


(b) 


Figure P8.39 
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cation system is called frequency shift keying (FSK). When the burst of frequency 

b(t) is received, we wish to determine whether it represents message то or message 

ті. To accomplish this, we do as illustrated in Figure P8.39(b). 

(a) Show that the maximum difference between the absolute values of the two lines 
in Figure P8.39(b) occurs when cos wot and cos «t have the relationship 


T 
| cos oot cosw tdt = 0. 
0 


(b) Is it possible to choose wp and w; such that there is no interval of length T for 
which 


T 
| cos oot cos tdt = 0? 
0 


In Section 8.3, we discussed the use of sinusoidal modulation for frequency- 
division multiplexing whereby several signals are shifted into different frequency 
bands and then summed for simultaneous transmission. In the current problem, we 
explore another multiplexing concept referred to as quadrature multiplexing. In this 
multiplexing procedure, two signals can be transmitted simultaneously in the same 
frequency band if the two carrier signals are 90? out of phase. The multiplexing sys- 
tem is shown in Figure P8.40(a) and the demultiplexing system in Figure P8.40(b). 
x1(t) and x(t) are both assumed to be band limited with maximum frequency wm, 
so that Xi (jw) = X2(jw) = 0 for |w| > ом. The carrier frequency we is assumed 
to be greater than wm. Show that у (t) = x(t) and yo(t) = x(t). 


coso.t 


r(t) = multiplexed signal 


хо ——— 


sinw,t 


(a) Figure P8.40 


8.41. In Problem 8.40, we introduced the concept of quadrature multiplexing, whereby 


two signals are summed after each has been modulated with carrier signals of iden- 
tical frequency, but with a phase difference of 90°. The corresponding discrete-time 
multiplexer and demultiplexer are shown in Figure P8.41. The signals x;[n] and 
X2[n] are both assumed to be band limited with maximum frequency wm, so that 


X\(e/”) = Xle?) = 0 for wy < v < 27 — wy. 
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coso.t 


y, (t) 








r(t) Demultiplexed 
outputs 
Y(t) 
sinw,t 
H (jo) 
Fi 
— UM Wy о 
(b) Figure P8.40 Continued 
COS Qn 
x[n] 
r[n] = multiplexed signal 
кан) ER 
sin«n 
(a) 
соѕо сП 






Н(еі“) у, [п] 


Demultiplexed 


r[n] 
outputs 


yo[n] 


sinon 


(b) 


Figure P8.41 
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8.42. 


8.43. 


(a) Determine the range of values for c, so that xı [n] and x»[n] can be recovered 
from r[n]. 
(b) With о, satisfying the conditions in part (a), determine H(e/^) so that yı [n] = 
xi [n] and y2[n] = x2[n]. 
In order to avoid intersymbol interference, pulses used in PAM systems are designed 
to be zero at integer multiples of the symbol spacing T. In this problem, we develop 
a class of pulses which are zero at t = kT), k = +1, +2, +3,.... 
Consider a pulse p;(t) that is real and even and that has a Fourier transform 
P\(jw). Also, assume that 


т т т 
=j j— | = — j I— |, i= = —, 
4 jo + iz) Pilio + iz) w Ti 
(a) Define a periodic sequence рү (г) with Fourier transforrn 


B(e)- Y P, (jo - im) 


and show that 
P\(jw) = -Pı (io E ^) 
(b) Use the result of the previous part to show that for some T 
pit = 0, t= kT, Е = 0, +2, +4,.... 
(c) Use the result of the previous part to show that 
pı(kTı) = 0, k = +1, +2, +3,.... 
(d) Show that a pulse p(t) with Fourier transform 


1+ Pi(jo) |o| = Z 


Tı 
P(jo) = 4 Pijo) Z <|o| = 2 
0, otherwise 


also has the property that 
pkT) = 0, k= +1, +2, +3,.... 


The impulse response of a channel used for PAM communication is specified by 
A(t) = 10,000е u(t). 


It is assumed that the phase response of the channel is approximately linear in the 
bandwidth of the channel. A pulse that is received after passing through the channel 
is processed using an LTI system 5 with impulse response g(t) in order to compen- 
sate for the nonuniform gain over the channel bandwidth. 
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(a) Verify that if g(t) has the Fourier transform 
G(jw) = A+ jBo, 


where A and B are real constants, then g(t) can compensate for the nonuniform 
gain over the channel bandwidth. Determine the values of A and B. 

(b) It is proposed that 5 be implemented with the system shown in Figure P8.43. 
Determine the values of the gain factors a and f in this system. 


dx(t) 
dt 






x(t) 









Differentiator 


x(t) + LM y(t) 
(Received signal (Received signal 
before compensation) after compensation) 


Figure P8.43 


8.44. In this problem, we explore an equalization method used to avoid intersymbol in- 
terference caused in PAM systems by the channel having nonlinear phase over its 
bandwidth. 

When a PAM pulse with zero-crossings at integer multiples of the symbol 
spacing T; is passed through a channel with nonlinear phase, the received pulse may 
no longer have zero-crossings at times that are integer multiples of Тү. Therefore, in 
order to avoid intersymbol interference, the received pulse is passed through a zero- 
forcing equalizer, which forces the pulse to have zero-crossings at integer multiples 
of Tı. This equalizer generates a new pulse y(t) by summing up weighted and shifted 
versions of the received pulse x(t). The pulse y(t) is given by 


N 
y(t) = »'anx( - IT), (P8.44-1) 


--N 


where the a, are all real and are chosen such that 


(a) Show that the equalizer is a filter and determine its impulse response. 

(b) To illustrate the selection of the weights a), let us consider an example. If 
x(OT;) = 0.0, x( — T1) = 0.2, x(T,) = —0.2, and x(kTi) = O for |А > 1, de- 
termine the values of ao, а, and a. , such that y(+T |) = 0. 
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8.45. 


8.46. 


A band-limited signal x(t) is to be transmitted using narrowband FM techniques. 
That is, the modulation index m, as defined in Section 8.7, is much less than 7/2. 
Before x(t) is transmitted to the modulator, it is processed so that X(jw)|,-0 = 0 
and |x(r)| < 1. This normalized x(t) is now used to angle-modulate a carrier to form 
the FM signal 


I 


y(t) = cos les + "| х(т) ar); 


(a) Determine the instantaneous frequency w;. 
(b) Using eqs. (8.44) and (8.45), the narrowband assumption (т << 7/2), and the 
preceding normalization conditions, show that 


t 
y(t) = cosw,t — gi х(т) ir) sin wt. 


(c) What is the relationship among the bandwidth of y(t), the bandwidth of x(t), 
and the carrier frequency we? 


Consider the complex exponential function of time, 
s(t) = ef, (P8.46-1) 


where Ө(ї) = wot?/2. 

Since the instantaneous frequency w; = d6/dt is also a function of time, the 
signal s(t) may be regarded as an FM signal. In particular, since the signal sweeps 
linearly through the frequency spectrum with time, it is often called a frequency 
"chirp" or "chirp signal." 

(a) Determine the instantaneous frequency. 

(b) Determine and sketch the magnitude and phase of the Fourier transform of the 
"chirp signal." To evaluate the Fourier transform integral, you may find it help- 
ful to complete the square in the exponent in the integrand and to use the relation 


+= 
| еі dz = та +j). 


| LTI 


s*(t) s*(t) Figure P8.46 


8.47. 


8.48. 
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(c) Consider the system in Figure P8.46, in which s(t) is the “chirp signal” in 
eq. (P8.46-1). Show that y(t) = X(jwot), where X(j«) is the Fourier trans- 
form of x(t). 

(Note: The system in Figure P8.46 is referred to as the “chirp” transform algo- 
rithm and is often used in practice to obtain the Fourier transform of a signal.) 


In Section 8.8 we considered synchronous discrete-time modulation and demod- 

ulation with a sinusoidal carrier. In this problem we want to consider the effect of 

a loss in synchronization in phase and/or frequency. The modulation and demod- 

ulation systems are shown in Figure P8.47(a), where both a phase and frequency 

difference between the modulator and demodulator carriers is indicated. Let the 

frequency difference wq — w, be denoted as Aw and the phase difference 64 — 0, 

as АӨ. 

(a) If the spectrum of x[n] is that shown in Figure P8.47(b), sketch the spectrum 
of w[n], assuming Aw = 0. 

(b) If Aw = 0, show that w can be chosen so that the output r[n] is r[n] = 
x[n] cos A8. In particular, what is r[n] if A0 — 7/2? 

(c) For АӨ = 0, and w = wy + До, show that the output r[n] = x[n] cos[Awn] 
(assume that Aw is small). 


cos [шп + 0] 


x[n] —(2—- y[n] 


r[n] 





cos [on 04] 


(a) 


X(el*) 


(b) Figure P8.47 


In this problem, we consider the analysis of discrete-time amplitude modulation of 
a pulse-train carrier. The system to be considered is shown in Figure P8.48(a). 
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(a) Determine and sketch the discrete-time Fourier transform of the periodic 
square-wave signal p[n] in Figure P8.48(a). 

(b) Assume that x[n] has the spectrum shown in Figure P8.48(b). With wy = 7/2N 
and with M = 1 in Figure P8.48(a), sketch Y(e/"), the Fourier transform of 
у[п]. 

(c) Now assume that Х(е/°) is known to be band limited with X(e/”) = 0, wy < 
w < 27 — wy, but is otherwise unspecified. For the system of Figure P8.48(a), 
determine, as a function of N, the maximum allowable value of оу that will 
permit х[л] to be recovered from y[n]. Indicate whether your result depends 
on М. 

(d) With wm and N satisfying the condition determined in part (c), state or show in 
block diagram form how to recover x[n] from у[л]. 


x[n] —(2—- y[n] 


pin] 
р[п] 
01* **M N (N+M) n 
(a) 
Х(е/е) 
=. == ом ом т [0] 
(b) Figure P8.48 


8.49. In practice it is often very difficult to build an amplifier at very low frequencies. 
Consequently, low-frequency amplifiers typically exploit the principles of ampli- 
tude modulation to shift the signal into a higher-frequency band. Such an amplifier 
is referred to as a chopper amplifier and is illustrated in the block-diagram form in 
Figure P8.49. 


y(t) 





s(t) s(t) Figure P8.49 
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s(t) 





Figure P8.49 Continued 


(a) Determine in terms of T the highest allowable frequency present in x(t), if y(t) 
is to be proportional to x(t) (i.e., if the overall system is to be equivalent to an 
amplifier). 

(b) With x(r) bandlimited as specified in part (a), determine the gain of the overall 
system in Figure P8.49 in terms of A and T. 
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9.0 INTRODUCTION 


In the preceding chapters, we have seen that the tools of Fourier analysis are extremely 
useful in the study of many problems of practical importance involving signals and LTI 
systems. This is due in large part to the fact that broad classes of signals can be represented 
as linear combinations of periodic complex exponentials and that complex exponentials are 
eigenfunctions of LTI systems. The continuous-time Fourier transform provides us with 
a representation for signals as linear combinations of complex exponentials of the form 
e* with s = jw. However the eigenfunction property introduced in Section 3.2 and many 
of its consequences apply as well for arbitrary values of s and not only those values that 
are purely imaginary. This observation leads to a generalization of the continuous-time 
Fourier transform, known as the Laplace transform, which we develop in this chapter. In 
the next chapter we develop the corresponding discrete-time generalization known as the 
z-transform. 

As we will see, the Laplace and z-transforms have many of the properties that make 
Fourier analysis so useful. Moreover, not only do these transforms provide additional tools 
and insights for signals and systems that can be analyzed using the Fourier transform, 
but they also can be applied in some very important contexts in which Fourier transforms 
cannot. For example Laplace and z-transforms can be applied to the analysis of many un- 
stable systems and consequently play an important role in the investigation of the stability 
or instability of systems. This fact, combined with the algebraic properties that Laplace 
and z-transforms share with Fourier transforms, leads to a very irnportant set of tools for 
system analysis and in particular for the analysis of feedback systems, which we develop 
in Chapter 11. 
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9.1 THE LAPLACE TRANSFORM 


In Chapter 3, we saw that the response of a linear time-invariant system with impulse 
response A(t) to a complex exponential input of the form е“ is 


y(t) = H(s)e", (9.1) 


where 


© 


H(s) = | h(t)e * dt. (9.2) 


For s imaginary (1.е., 5 = jw), the integral in eq. (9.2) corresponds to the Fourier trans- 
form of h(t). For general values of the complex variable s, it is referred to as the Laplace 
transform of the impulse response h(t). 

The Laplace transform of a general signal x(t) is defined as! 





+% 


x(s) 2 | x(t)e^ dt, (9.3) 


—%® 





and we note in particular that it is a function of the independent variable s corresponding 
to the complex variable in the exponent of е“. The complex variable s can be written as 
s = с + jo, with g and о the real and imaginary parts, respectively. For convenience, 
we will sometimes denote the Laplace transform in operator form as £(x(f)) and denote 
the transform relationship between x(t) and X(s) as 


x(t) #4 X(s). (9.4) 
When s = jw, eq. (9.3) becomes 
X(jo) = | x(t)e J! dt, (9.5) 


which corresponds to the Fourier transform of x(t); that is, 
X(s).- jo = 9(x(0). (9.6) 


The Laplace transform also bears a straightforward relationship to the Fourier trans- 
form when the complex variable s is not purely imaginary. To see this relationship, consider 
X(s) as specified in eq. (9.3) with s expressed as s = с + јо, so that 


+0 


X(o + jw) = | x(the (FF dt, (9.7) 


—%® 


'The transform defined by eq. (9.3) is often called the bilateral Laplace transform, to distinguish it from 
the unilateral Laplace transform, which we discuss in Section 9.9. The bilateral transform in eq. (9.3) involves 
an integration from — to +, while the unilateral transform has a form similar to that in eq. (9.3), but with 
limits of integration from 0 to +. As we are primarily concerned with the bilateral transform, we will omit the 
word “bilateral,” except where it is needed in Section 9.9 to avoid ambiguity. 
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or 


00 


Х(с + jw) = | [x(the “Je /” dt. (9.8) 


We recognize the right-hand side of eq. (9.8) as the Fourier transform of x(t)e ?'; that 
is, the Laplace transform of x(t) can be interpreted as the Fourier transform of x(t) after 
multiplication by a real exponential signal. The real exponential e^ ?' may be decaying or 
growing in time, depending on whether c is positive or negative. 

To illustrate the Laplace transform and its relationship to the Fourier transform, let 
us consider the following example: 


Example 9.1 


Let the signal x(t) = e “и(г). From Example 4.1, the Fourier transform X( jw) con- 
verges for a > 0 and is given by 


X(jo) = i e "'u(t)e dt = |, ate étapes Ere a>0. (9.9) 
From eq. (9.3), the Laplace transform is 
X(s) = | | e-"'u(t)e-sdt = | eG + алд, (9.10) 
iss 0 
or, with s = c + jo, 
Х(о + jo) = " e (9*9rg- jut ду, (9.11) 


By comparison with eq. (9.9) we recognize eq. (9.11) as the Fourier transform of 
e '? *? (t), and thus, 


T" І 


or equivalently, since 5 = с + jw anda = Refs}, 


Ж() = - (le(s) > —a. (9.13) 
Sta 
That is, 
uat. digas c 9.14 
е ЖШ eos eis a. (9.14) 


For example, for a = 0, x(t) is the unit step with Laplace transform X(s) = 1/s, 


(5) > 0. 


We note, in particular, that just as the Fourier transform does not converge for all 
signals, the Laplace transform may converge for some values of Re{s} and not for others. 
In eq. (9.13), the Laplace transform converges only fora = Refs} > —a. If a is positive, 
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then X(s) can be evaluated at с = 0 to obtain 


X(0 + jw) = (9.15) 


jo +a 
As indicated in eq. (9.6), fora = 0 the Laplace transform is equal to the Fourier transform, 
as is evident in the preceding example by comparing eqs. (9.9) and (9.15). If a is negative 
or zero, the Laplace transform still exists, but the Fourier transform does not. 
Example 9.2 
For comparison with Example 9.1, let us consider as a second example the signal 


x(t) = —e "u(-t). (9.16) 


Then 
X(s)- af e “e "y(—1t)dt 
(9.17) 
0 
= =| e (stay dt, 
or 
1 
X(s) = (9.18) 





sta 


For convergence in this example, we require that Re{s + а} < 0, or Refs} < —a; that is, 


—e “u(-t) jo 1, (tels) = ss. (9.19) 


Comparing eqs. (9.14) and (9.19), we see that the algebraic expression for the 
Laplace transform is identical for both of the signals considered in Examples 9.1 and 9.2. 
However, from the same equations, we also see that the set of values of s for which the 
expression is valid is very different in the two examples. This serves to illustrate the fact 
that, in specifying the Laplace transform of a signal, both the algebraic expression and 
the range of values of s for which this expression is valid are required. In general, the 
range of values of s for which the integral in eq.(9.3) converges is referred to as the region 
of convergence (which we abbreviate as ROC) of the Laplace transform. That is, the 
ROC consists of those values of s = с + jw for which the Fourier transform of x(t)e ?' 
converges. We will have more to say about the ROC as we develop some insight into the 
properties of the Laplace transform. 

A convenient way to display the ROC is shown in Figure 9.1. The variable s is a 
complex number, and in the figure we display the complex plane, generally referred to as 
the s-plane, associated with this complex variable. The coordinate axes are Re{s} along 
the horizontal axis and J7{s} along the vertical axis. The horizontal and vertical axes are 
sometimes referred to as the a-axis and the jw-axis, respectively. The shaded region in 
Figure 9.1(a) represents the set of points in the s-plane corresponding to the region of 
convergence for Example 9.1. The shaded region in Figure 9.1(b) indicates the region of 
convergence for Example 9.2. 
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Íra 


s-plane 





Re 
(a) (b) 
Figure 9.1 (a) ROC for Example 9.1; (b) ROC for Example 9.2. 
Example 9.3 
In this example, we consider a signal that is the sum of two real exponentials: 
x(t) = Зе "'u(r) — 2e u(t). (9.20) 
The algebraic expression for the Laplace transform is then 
X(s) = | БЕ — 20) е “dt 


E 


= 3f ee "ult)dt — af e 'e "'u(t)dt. 


— 


(9.21) 


_ Each of the integrals in eq. (9.21) is of the same form as the integral in eq. (9.10), and 


|. consequently, we can use the result in Example 9.1 to obtain 


3 2 


eee 5+2 5+1 





(9.22) 


Ў To determine the ROC we note that x(t) is a sum of two real exponentials, and 
___ from eq. (9.21) we see that X(s) is the sum of the Laplace transforms of each of the 
.. individual terms. The first term is the Laplace transform of 3e ?'u(r) and the second 


| term the Laplace transform of —2e~‘u(t). From Example 9.1, we know that 


e'u(t) < -- Refs} > —1, 
e u(t) fs x (le(s) > —2. 








obtain 
== 1 


3e u(t) — 2e u(t) Fr M net ЭШ 
52 + 35 + 2' 


Тһе set of values of Re{s} for which the Laplace transforms of both terms converge is 
| Re{s} > —1, and thus, combining the two terms on the right-hand side of eq. (9.22), we 


Refs} > —1. (9.23) 
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т 


Example 9.4 
2S In this example, we consider a signal that is the sum of a real and a complex exponential: 
x(t) = e u(t) + е '(cos3r)u(t). (9.24) 
Using Euler’s relation, we can write 


1 бє. 1 ; 
- -2 Tar Se (+340 
x(t) |e + 5° + 2* ко, 
and the Laplace transform of x(t) then can be expressed as 


хо = | e "u(t)e^ dt 


+ zl e 0 ulte dt (9.25) 


+ | e CP ulte dt. 


Each of the integrals in eq. (9.25) represents a Laplace transform of the type en- 
countered in Example 9.1. It follows that e 


E £ 1 Е 5 
e "u(t) < ET (Re(s) > —2, (9.26) 
e 0 3 (p) > ae Refs} > —1 (9.27) 
5*(-3jy 
—(1+3уу a 1 23.2 2 
e u(t) < УЗУП ҮЗ Rejs} > —1. (9.28) 


For all three Laplace transforms to converge simultaneously, we must have Re{s} > — 1. 
Consequently, the Laplace transform of x(t) is 


io Т TEE 
ara ты ы тог. Re{s}>-1, 09229) 


or, with terms combined over a common denominator, 








252 + 55 + 12 
(52 + 25 + 10)(s + 2)’ 





e u(t) + e (cos 3t)u(t) Eum (le(s) > —1. (9.30) 


In each of the four preceding examples, the Laplace transform is rational, i.e., it is a 
ratio of polynomials in the complex variable s, so that 


(9.31) 


where Ns) and D(s) are the numerator polynomial and denominator polynomial, respec- 
tively. As suggested by Examples 9.3 and 9.4, X(s) will be rational whenever x(t) is a 
linear combination of real or complex exponentials. As we will see in Section 9.7, rational 
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transforms also arise when we consider LTI systems specified in terms of linear constant- 
coefficient differential equations. Except for a scale factor, the numerator and denominator 
polynomials in a rational Laplace transform can be specified by their roots; thus, mark- 
ing the locations of the roots of N(s) and D(s) in the s-plane and indicating the ROC 
provides a convenient pictorial way of describing the Laplace transform. For example, in 
Figure 9.2(a) we show the s-plane representation of the Laplace transform of Example 9.3, 
with the location of each root of the denominator polynomial in eq. (9.23) indicated with 
“х” and the location of the root of the numerator polynomial in eq. (9.23) indicated with 
“о.” The corresponding plot of the roots of the numerator and denominator polynomials for 
the Laplace transform in Example 9.4 is given in Figure 9.2(b). The region of convergence 
for each of these examples is shaded in the corresponding plot. 


$m 
| 
| 5-р!апе 
| 
| 
| 
| 
— 8 
-2 -1| 1 Re 
| 
| 
| 
| 
| 
(а) 
Im 
Ж 


s-plane 


Figure 9.2  s-plane representation 
of the Laplace transforms for (a) Ex- 
ample 9.3 and (b) Example 9.4. Each 
X in these figures marks the location 
of a pole of the corresponding Laplace 
transform—i.e., a root of the denomi- 
nator. Similarly, each o marks a zero— 
(b) i.e., a root of the the numerator. The 
shaded regions indicate the ROCs. 


For rational Laplace transforms, the roots of the numerator polynomial are com- 
monly referred to as the zeros of X(s), since, for those values of s, X(s) = 0. The roots 
of the denominator polynomial are referred to as the poles of X(s), and for those values 
of s, X(s) is infinite. The poles and zeros of X(s) in the finite s-plane completely char- 
acterize the algebraic expression for X(s) to within a scale factor. The representation of 
X(s) through its poles and zeros in the s-plane is referred to as the pole-zero plot of X(s). 
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However, as we saw in Examples 9.1 and 9.2, knowledge of the algebraic form of X(s) does 
not by itself identify the ROC for the Laplace transform. That is, a complete specification, 
to within a scale factor, of a rational Laplace transform consists of the pole-zero plot of 
the transform, together with its ROC (which is commonly shown as a shaded region in the 
s-plane, as in Figures 9.1 and 9.2). 

Also, while they are not needed to specify the algebraic form of a rational transform 
X(s), it is sometimes convenient to refer to poles or zeros of X(s) at infinity. Specifically, 
if the order of the denominator polynomial is greater than the order of the numerator poly- 
nomial, then X(s) will become zero as s approaches infinity. Conversely, if the order of the 
numerator polynomial is greater than the order of the denominator, then X(s) will become 
unbounded as s approaches infinity. This behavior can be interpreted as zeros or poles at 
infinity. For example, the Laplace transform in eq. (9.23) has a denominator of order 2 and 
a numerator of order only 1, so in this case X(s) has one zero at infinity. The same is true 
for the transform in eq. (9.30), in which the numerator is of order 2 and the denominator is 
of order 3. In general, if the order of the denominator exceeds the order of the numerator 
by k, X(s) will have k zeros at infinity. Similarly, if the order of the numerator exceeds the 
order of the denominator by k, X(s) will have k poles at infinity. 


Example 9.5 
Let 


x(t) = 6(t) = ge uo * те“ ще). (9.32) 


The Laplace transform of the second and third terms on the right-hand side of eq. (9.32) 
can be evaluated from Example 9.1. The Laplace transform of the unit impulse can be 
evaluated directly as 


+% 


L{S5(1)} = | ó(t)e “dt = 1, (9.33) 


which is valid for any value of s. That is, the ROC of £(8(1)] is the entire s-plane. Using 
this result, together with the Laplace transforms of the other two terms in eq. (9.32), we 








obtain 
4 1 Lg 
X() = 1-355 +3529 Refs} > 2, (9.34) 
or 
__ te iF 
X(s) = G+ DG - 2) Refs} > 2, (9.35) 


where the ROC is the set of values of s for which the Laplace transforms of all three terms 
in x(t) converge. The pole-zero plot for this example is shown in Figure 9.3, together with 
the ROC. Also, since the degrees of the numerator and denominator of X(s) are equal, 
X(s) has neither poles nor zeros at infinity. 
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-1 +1 + Re 
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Figure 9.3  Pole-zero plot and ROC for Example 9.5. 


Recall from eq. (9.6) that, for s = jw, the Laplace transform corresponds to the 
Fourier transform. However, if the ROC of the Laplace transform does not include the 
jw-axis, (i.e., if Gte(s) = 0), then the Fourier transform does not converge. As we see 
from Figure 9.3, this, in fact, is the case for Example 9.5, which is consistent with the 
fact that the term (1/3)e?' u(t) in x(t) does not have a Fourier transform. Note also in this 
example that the two zeros in eq. (9.35) occur at the same value of s. In general, we will 
refer to the order of a pole or zero as the number of times it is repeated at a given location. 
In Example 9.5 there is a second-order zero at s — 1 and two first-order poles, one at 
s = —], the other at s = 2. In this example the ROC lies to the right of the rightmost 
pole. In general, for rational Laplace transforms, there is a close relationship between the 
locations of the poles and the possible ROCS that can be associated with a given pole-zero 
plot. Specific constraints on the ROC are closely associated with time-domain properties 
of x(t). In the next section, we explore some of these constraints and properties. 


9.2 THE REGION OF CONVERGENCE FOR LAPLACE TRANSFORMS 


In the preceding section, we saw that a complete specification of the Laplace transform re- 
quires not only the algebraic expression for X(s), but also the associated region of conver- 
gence. As evidenced by Examples 9.1 and 9.2, two very different signals can have identical 
algebraic expressions for X(s), so that their Laplace transforms are distinguishable only by 
the region of convergence. In this section, we explore some specific constraints on the ROC 
for various classes of signals. As we will see, an understanding of these constraints often 
permits us to specify implicitly or to reconstruct the ROC from knowledge of only the al- 
gebraic expression for X(s) and certain general characteristics of x(t) in the time domain. 


| Property 1: The ROC of X(s) consists of strips parallel to the jw-axis in the s-plane. 


The validity of this property stems from the fact that the ROC of X(s) consists of 
those values of s = с + jw for which the Fourier transform of x(r)e ?' converges. That 








Chapter9 The Laplace Transform 663 


is, the ROC of the Laplace transform of x(t) consists of those values of s for which x(t)e *' 
is absolutely integrable:? 


| Ix(t)]e ?' dt < o. (9.36) 


Property 1 then follows, since this condition depends only on c, the real part of s. 


Property 2: For rational Laplace transforms, the ROC does not contain any poles. 


Property 2 is easily observed in all the examples studied thus far. Since X (s) is infinite 
at a pole, the integral in eq. (9.3) clearly does not converge at a pole, and thus the ROC 
cannot contain values of s that are poles. 


Property 3: If x(t) is of finite duration and is absolutely integrable, then the ROC is 
the entire s-plane. 


The intuition behind this result is suggested in Figures 9.4 and 9.5. Specifically, a 
finite-duration signal has the property that it is zero outside an interval of finite duration, 
as illustrated in Figure 9.4. In Figure 9.5(a), we have shown x(t) of Figure 9.4 multiplied 
by a decaying exponential, and in Figure 9.5(b) the same signal multiplied by a growing 








T, Тә t Figure 9.4  Finite-duration signal. 


Decaying exponential 
ge ying expo 


Growing exponential 





(a) (b) 


Figure 9.5 (а) Finite-duration signal of Figure 9.4 multiplied by a decaying exponen- 
tial; (b) finite-duration signal of Figure 9.4 multiplied by a growing exponential. 


?For a more thorough and formal treatment of Laplace transforms and their mathematical properties, 
including convergence, see E. D. Rainville, The Laplace Transform: An Introduction (New York: Macmil- 
lan, 1963), and R. V. Churchill and J. W. Brown, Complex Variables and Applications (5th ed.) (New York: 
McGraw-Hill, 1990). Note that the condition of absolute integrability is one of the Dirichlet conditions intro- 
duced in Section 4.1 in the context of our discussion of the convergence of Fourier transforms. 
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exponential. Since the interval over which x(r) is nonzero is finite, the exponential weight- 
ing is never unbounded, and consequently, it is reasonable that the integrability of x(r) not 
be destroyed by this exponential weighting. 

A more formal verification of Property 3 is as follows: Suppose that x(t) is absolutely 
integrable, so that 


T; 
| |x(t)|dt < o. (9.37) 
Ti 
Fors = с + jo to be in the ROC, we require that x(t)e ?' be absolutely integrable, i.e., 
Tr 
| Ix(t)le ?' dt < o. (9.38) 
T, 


Eq. (9.37) verifies that s is in the ROC when Re{s} = с = 0. For ø > 0, the maximum 
value of e~ over the interval on which x(t) is nonzero is е ??!, and thus we can write 


T; T; 
| |х(О|е а < е" | |x(t)| dt. (9.39) 
Tı T 
Since the right-hand side of eq.(9.39) is bounded, so is the left-hand side; therefore, the 
s-plane for Refs} > 0 must also be in the ROC. By a similar argument, if с < 0, then 


| lx(t)le “dt < asi |x(t)| dt, (9.40) 
Ti 


and again, х(г)е °' is absolutely integrable. Thus, the ROC includes the entire s-plane. 


Example 9.6 





Let 
„ х eu. 0 ү < T 
xo) H otherwise ` GA 
Then 
T 
X(s) = | е 07 dt = [1 — e^ **?T]. (9.42) 
0 s+a 


Since in this example x(r) is of finite length, it follows from Property 3 that the ROC is 
the entire s-plane. In the form of eq. (9.42), X(s) would appear to have a pole at s = —a, 
which, from Property 3, would be inconsistent with an ROC that consists of the entire 
s-plane. In fact, however, in the algebraic expression in eq. (9.42), both numerator and 
denominator are zero at s = —a, and thus, to determine X(s) at s = —a, we can use 
L'hópital's rule to obtain 


= lim Te ^e 


$——d 


d — s-(sta)T) 
at! £ | -aT -sT 


lim X(s) = lim | 4—7 
$—-—a $—-—a a G 4 a) 


so that 


X(-a) = T. (9.43) 
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It is important to recognize that, to ensure that the exponential weighting is bounded 
over the interval in which x(t) is nonzero, the preceding discussion relies heavily on the 
fact that x(t) is of finite duration. In the next two properties, we consider modifications of 
the result in Property 3 when x(t) is of finite extent in only the positive-time or negative- 
time direction. 


Property 4: If x(t) is right sided, and if the line Re{s} = со is in the ROC, then all 
values of s for which Re{s} > o will also be in the ROC. 


A right-sided signal is a signal for which x(t) = 0 prior to some finite time T|, as 
illustrated in Figure 9.6. It is possible that, for such a signal, there is no value of s for which 
the Laplace transform will converge. One example is the signal x(t) = e^ u(t). However, 
suppose that the Laplace transform converges for some value of т, which we denote by 
со. Then 








+00 
| |x(t)|e~°" dt < о, (9.44) 


or equivalently, since x(t) is right sided, 


+20 
| |х(|е ?"' dt < o. (9.45) 
T, 


x(t) 


T, t Figure 9.6  Right-sided signal. 


Then if тү > оо, it must also be true that x(r)e ?'' is absolutely integrable, since е!" 
decays faster than e ?*' as t —> +, as illustrated in Figure 9.7. Formally, we can say 
that with о > со, 


| |х@|е ?" dt = | [x(t)]e 7»'e7 (0770! dt 
‘ (9.46) 


© 
< ай! |x(t)|e° at. 
T, 


Since T| is finite, it follows from eq. (9.45) that the right side of the inequality in eq. (9.46) 
is finite, and hence, x(t)e ^" is absolutely integrable. 

Note that in the preceding argument we explicitly rely on the fact that x(t) is right 
sided, so that, although with с > ao, e ?'' diverges faster than e ?*' as t > —, 
x(t)e ?" cannot grow without bound in the negative-time direction, since x(t) = 0 for 
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x(t) 
\ e 71! 
\ Y 
^ 

-egt ^" Ж. 


\ 
\ 

Te М 
M 


e 


Figure 9.7 If x(t) is right sided 
and x(t)e~%' is absolutely integrable, 
then x(t)e-™', су > op, will also be 
absolutely integrable. 





t < Ту. Also, in this case, if a point s is in the ROC, then all the points to the right of s, 
i.e., all points with larger real parts, are in the ROC. For this reason, the ROC in this case 
is commonly referred to as a right-half plane. 


Property 5: If х(ї) is left sided, and if the line Refs} = со is in the ROC, then all 
values of s for which Re{s} < со will also be in the ROC. 


A left-sided signal is a signal for which x(t) = 0 after some finite time T», as illus- 
trated in Figure 9.8. The argument and intuition behind this property are exactly analogous 
to the argument and intuition behind Property 4. Also, for a left-sided signal, the ROC is 
commonly referred to as a left-half plane, as if a point s is in the ROC, then all points to 
the left of s are in the ROC. 









x(t) 


Т, t Figure 9.8  Left-sided signal. 


Property 6: If x(t) is two sided, and if the line Refs} = со is in the ROC, then the 
ROC will consist of a strip in the s-plane that includes the line Refs} = o. 


A two-sided signal is a signal that is of infinite extent for both t > 0 and г < 0, as 
illustrated in Figure 9.9(a). For such a signal, the ROC can be examined by choosing an 
arbitrary time То and dividing x(t) into the sum of a right-sided signal хк(ї) and a left- 
sided signal x; (t), as indicated in Figures 9.9(b) and 9.9(c). The Laplace transform of x(t) 
converges for values of s for which the transforms of both x(t) and x; (t) converge. From 
Property 4, the ROC of £{xp(t)} consists of a half-plane Re{s} > ор for some value op, 
and from Property 5, the ROC of £{x,(t)} consists of a half-plane Re{s} < o; for some 
value oz. The ROC of £(x(r)) is then the overlap of these two half-planes, as indicated in 
Figure 9.10. This assumes, of course, that ск < с, so that there is some overlap. If this 
is not the case, then even if the Laplace transforms of xg(t) and x; (t) individually exist, 
the Laplace transform of x(t) does not. 
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x(t) 
To t 
(a) 
xg(t) x(t) 
To t To t 
(b) (c) 


Figure 9.9 Two-sided signal divided into the sum of a right-sided and left-sided sig- 
nal: (a) two-sided signal x(t); (b) the right-sided signal equal to x(t) for t > Tg and 
equal to 0 for t < To; (c) the left-sided signal equal to x(t) for t < Т, and equal to 0 for 
t Т. 


Im 





(b) (c) 
Figure 9.10 (а) ROC for x,(t) in Figure 9.9; (b) ROC for x,(t) in Figure 
9.9; (c) the ROC for x(t) = Xa(t) + x, (t), assuming that the ROCs in (a) and 
(b) overlap. 
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Example 9.7 
Let 


x(t) = е, (9.47) 


as illustrated in Figure 9.11 for both b > 0 and b < 0. Since this is a two-sided signal, 
let us divide it into the sum of a right-sided and left-sided signal; that is, 


x(t) = e ult) + e*" u(—t). (9.48) 
е0!!! 
1 b>0 
ae 
eb Itl 
b<0 


Figure 9.11 Signal x(t) = e^!!! for both b > 0 and b < 0. 


From Example 9.1, 
—bt + 
e "u(t) < ——, Re{s}>—-b, (9.49) 
and from Example 9.2, 


^ = 
et 'y(—-t) <> — Refs} < +b. (9.50) 
. . Although the Laplace transforms of each of the individual terms іп eq. (9.48) have а 
~ region of convergence, there is no common region of convergence if b < 0), and thus, 
for those values of b, x(t) has no Laplace transform. If b > 0, the Laplace transform of 
x(t) is 





QVE, Е _ _-2 


stb s-b s$-bp 








—b < Refs} < +b. (9.51) 


ui The corresponding pole-zero plot is shown in Figure 9.12, with the shading indicating 
the ROC. 
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Figure 9.12  Pole-zero plot and ROC for Example 9.7. 


A signal either does not have a Laplace transform or falls into one of the four cate- 
gories covered by Properties 3 through 6. Thus, for any signal with a Laplace transform, 
the ROC must be the entire s-plane (for finite-length signals), a left-half plane (for left- 
sided signals), a right-half plane (for right-sided signals), or a single strip (for two-sided 
signals). In all the examples that we have considered, the ROC has the additional property 
that in each direction (i.e., Re{s} increasing and Rejs} decreasing) it is bounded by poles 
or extends to infinity. In fact, this is always true for rational Laplace transforms: 


Property 7: Ifthe Laplace transform X(s) of x(t) is rational, then its ROC is bounded 
by poles or extends to infinity. In addition, no poles of X(s) are contained in the ROC. 


A formal argument establishing this property is somewhat involved, but its validity 
is essentially a consequence of the facts that a signal with a rational Laplace transform 
consists of a linear combination of exponentials and, from Examples 9.1 and 9.2, that 
the ROC for the transform of individual terms in this linear combination must have the 
property. As a consequence of Property 7, together with Properties 4 and 5, we have 








Property 8: Ifthe Laplace transform X(s) of x(t) is rational, then if x(t) is right sided, 
the ROC is the region in the s-plane to the right of the rightmost pole. If x(t) is left sided, 


the ROC is the region in the s-plane to the left of the leftmost pole. 





To illustrate how different ROCS can be associated with the same pole-zero pattern, 
let us consider the following example: 


Example 9.8 


Let 


1 


79 GxDG*2 


(9.52) 
. with the associated pole-zero pattern in Figure 9.13(a). As indicated in Figures 9.13(b)- 

(d), there are three possible ROCs that can be associated with this algebraic expression, 
- corresponding to three distinct signals. The signal associated with the pole-zero pat- 
_ tern in Figure 9.13(b) is right sided. Since the ROC includes the jw-axis, the Fourier 
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Figure 9.13 (a) Pole-zero pattern for Example 9.8; (b) ROC corresponding 
to a right-sided sequence; (c) ROC corresponding to a left-sided sequence; 
(d) ROC corresponding to a two-sided sequence. 


transform of this signal converges. Figure 9.13(c) corresponds to a left-sided signal and 
Figure 9.13(d) to a two-sided signal. Neither of these two signals have Fourier trans- 
forms, since their ROCs do not include the jw-axis. 





9.3 THE INVERSE LAPLACE TRANSFORM 


In Section 9.1 we discussed the interpretation of the Laplace transform of a signal as the 
Fourier transform of an exponentially weighted version of the signal; that is, with s ex- 
pressed as s = с + jw, the Laplace transform of a signal x(t) is 


+% 


X(o + jo) = 9(x(0e 7] = | x(t)e ei dt (9.53) 


—06 


for values of s = с + jw in ће ROC. We can invert this relationship using the inverse 
Fourier transform as given in eq. (4.9). We have 


+00 


х(е ?' = F (X(o + jw)} = x | X(o + jwe” dw, (9.54) 


—06 


or, multiplying both sides by е", we obtain 


+00 
x(t) = x | X(o + joje iY dw. (9.55) 
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That is, we can recover x(t) from its Laplace transform evaluated for a set of values of 
s = g + jo in the ROC, with a fixed and w varying from — to +. We can highlight 
this and gain additional insight into recovering x(t) from X(s) by changing the variable of 
integration in eq. (9.55) from w to s and using the fact that ø is constant, sothatds = jdw. 
The result is the basic inverse Laplace transform equation: 





a+ јо 


X(s)e" ds. (9.56) 


g- je 





This equation states that x(r) can be represented as a weighted integral of complex 
exponentials. The contour of integration in eq. (9.56) is the straight line in the s-plane 
corresponding to all points s satisfying Refs} = c. This line is parallel to the jw-axis. 
Furthermore, we can choose any such line in the ROC—i.e., we can choose any value 
of с such that X(o + ja) converges. The formal evaluation of the integral for a general 
X(s) requires the use of contour integration in the complex plane, a topic that we will not 
consider here. However, for the class of rational transforms, the inverse Laplace transform 
can be determined without directly evaluating eq. (9.56) by using the technique of partial- 
fraction expansion in a manner similar to that used in Chapter 4 to determine the inverse 
Fourier transform. Basically, the procedure consists of expanding the rational algebraic 
expression into a linear combination of lower order terms. 

For example, assuming no multiple-order poles, and assuming that the order of the 
denominator polynomial is greater than the order of the numerator polynomial, we can 
expand X(s) in the form 





jet 9.57 

ai (9.57) 
From the ROC of X(s), the ROC of each of the individual terms in eq. (9.57) can be 
inferred, and then, from Examples 9.1 and 9.2, the inverse Laplace transform of each of 
these terms can be determined. There are two possible choices for the inverse transform 
of each term А;/(5 + aj) in the equation. If the ROC is to the right of the pole at s = —ai, 
then the inverse transform of this term is A;e °‘u(f), a right-sided signal. If the ROC is to 
the left of the pole at s = —a;, then the inverse transform of the term is —A;e ^'u(—t), 
a left-sided signal. Adding the inverse transforms of the individual terms in eq. (9.57) 
then yields the inverse transform of X(s). The details of this procedure are best presented 
through a number of examples. 


Example 9.9 
^ Let 


X(s) = | 


EO G*DG42y 02° 1 (9.58) 


To obtain the inverse Laplace transform, we first perform a partial-fraction expansion to 
— obtain 
E 1 А 


ae Crs CD: st] 





B 
+ Ly (9.59) 
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As discussed in the appendix, we can evaluate the coefficients A and B by multiplying 
both sides of eq. (9.59) by (s + 1)(s + 2) and then equating coefficients of equal powers 
of s on both sides. Alternatively, we can use the relation 
А = [G + I)X(s)]|s--1 = 1, (9.60) 
В = [(s + 2)X(s)]|;--2 = —1. (9.61) 


Thus, the partial-fraction expansion for X(s) is 


- 1 
X(s) = SE] Sp (9.62) 





From Examples 9.1 and 9.2, we know that there are two possible inverse trans- 
forms for a transform of the form 1/(s + a), depending on whether the ROC is to the 
left or the right of the pole. Consequently, we need to determine which ROC to associate 
with each of the individual first-order terms in eq. (9.62). This is done by reference to the 
properties of the ROC developed in Section 9.2. Since the ROC for X(s) is Re{s}  — 1, 
the ROC for the individual terms in the partial-fraction expansion of eq. (9.62) includes 
Refs} > —1. The ROC for each term can then be extended to the left or right (or both) to 
be bounded by a pole or infinity. This is illustrated in Figure 9.14. Figure 9.14(a) shows 
the pole-zero plot and ROC for X(s), as specified in eq. (9.58). Figure 9.14(b) and 9.14(c) 
represent the individual terms in the partial-fraction expansion in eq. (9.62). The ROC 
for the sum is indicated with lighter shading. For the term represented by Figure 9.14(c), 
the ROC for the sum can be extended to the left as shown, so that it is bounded by a pole. 





$m 
| 
| 5-р!апе 
| 
| 
| 
—xX— 
2 E. Re 
| 
| 
| 
| 
(а) 
Im 
I | 
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= Re -2 Re 
і 
і 
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Figure 9.14 Construction of the ROCs for the individual terms in the 
partial-fraction expansion of X(s) in Example 9.8: (a) pole-zero plot and ROC 
for X(s); (b) pole at s = —1 and its ROC; (c) pole at s = —2 and its ROC. 
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Since the ROC is to the right of both poles, the same is true for each of the indi- 
vidual terms, as can be seen in Figures 9.14(b) and (c). Consequently, from Property 8 
in the preceding section, we know that each of these terms corresponds to a right-sided 
signal. The inverse transform of the individual terms in eq. (9.62) can then be obtained 
by reference to Example 9.1: 





ТТЕ. Рр ы 
e 'u(t) < TD Refs} > —1, (9.63) 
= £ 1 B 
e ult) < —- Rejs} > —2. (9.64) 
We thus obtain 
=p -21 £ 1 f 
[e" = e "]u(t) < Refs} > —1. (9.65) 


(s + 1)(5 + 2)’ 


Example 9.10 


Let us now suppose that the algebraic expression for X(s) is again given by eq. (9.58), 

_ but that the ROC is now the left-half plane Refs} < —2. The partial-fraction expansion 

_ for X(s) relates only to the algebraic expression, so eq. (9.62) is still valid. With this new 

- ROC, however, the ROC is to the left of both poles and thus, the same must be true for 

each of the two terms in the equation. That is, the ROC for the term corresponding to 

the pole at s = —1 is Re{s} < —1, while the ROC for the term with pole at s = —2 is 
Refs} < —2. Then, from Example 9.2, 





e 'u(—t) < = (tels) < —1, (9.66) 
-2 Р 2 " 1 = 
e "u(—t) P Refs} < —2, (9.67) 


so that 


1 


> GT DG-2' Refs} < —2. (9.68) 


S 
x(t) = [~e + e?" ]u(-1) < 





Example 9.11 


Finally, suppose that the ROC of X(s) in eq. (9.58) is —2 < Gle(s) < —1. In this case, 
the ROC is to the left of the pole ats = —1 so that this term corresponds to the left-sided 
signal in eq. (9.66), while the ROC is to the right of the pole at s — —2 so that this term 
corresponds to the right-sided signal in eq. (9.64). Combining these, we find that 


1 


(s + Ds + 2)’ 2 < Refs} < —1. (9.69) 





x(t) = —e 'u(-t) — e ” u(t) => 


As discussed in the appendix, when X(s) has multiple-order poles, or when the de- 
nominator is not of higher degree than the numerator, the partial-fraction expansion of X(s) 
will include other terms in addition to the first-order terms considered in Examples 9.9— 
9.11. In Section 9.5, after discussing properties of the Laplace transform, we develop some 
other Laplace transform pairs that, in conjunction with the properties, allow us to extend 
the inverse transform method outlined in Example 9.9 to arbitrary rational transforms. 
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9.4 GEOMETRIC EVALUATION OF THE FOURIER TRANSFORM 


FROM THE POLE-ZERO PLOT 


As we saw in Section 9.1, the Fourier transform of a signal is the Laplace transform evalu- 
ated on the jw-axis. In this section we discuss a procedure for geometrically evaluating the 
Fourier transform and, more generally, the Laplace transform at any set of values from the 
pole-zero pattern associated with a rational Laplace transform. To develop the procedure, 
let us first consider a Laplace transform with a single zero [i.e., X(s) = s — a], which we 
evaluate at a specific value of s, say, s = sı. The algebraic expression s; — a is the sum 
of two complex numbers, s, and —a, each of which can be represented as a vector in the 
complex plane, as illustrated in Figure 9.15. The vector representing the complex number 
sı — ais then the vector sum of s, and —a, which we see in the figure to be a vector from 
the zero at s = a to the point sı. The value of X(s;) then has a magnitude that is the length 
of this vector and an angle that is the angle of the vector relative to the real axis. If X(s) 
instead has a single pole ats = a [i.e., X(s) = 1/(s — a)], then the denominator would be 
represented by the same vector sum of sı; and —a, and the value of X(s;) would have a 
magnitude that is the reciprocal of the length of the vector from the pole to s — s; and an 
angle that is the negative of the angle of the vector with the real axis. 


Im 


s-plane 





Figure 9.15 Complex plane rep- 
resentation of the vectors $4, a, and 
Sı — a representing the complex num- 
bers S;,—a, and 5; — a, respectively. 





A more general rational Laplace transform consists of a product of pole and zero 
terms of the form discussed in the preceding paragraph; that is, it can be factored into the 
form 


[IG — Bi) 


X(s) = M è 
[I], = aj) 





(9.70) 


To evaluate X(s) at s = sı, each term in the product is represented by a vector from the 
zero or pole to the point sı. The magnitude of X(s;) is then the magnitude of the scale 
factor M, times the product of the lengths of the zero vectors (i.e., the vectors from the 
zeros to s) divided by the product of the lengths of the pole vectors (i.e., the vectors from 
the poles to sı). The angle of the complex number X (s; ) is the sum of the angles of the zero 
vectors minus the sum of the angles of the pole vectors. If the scale factor M in eq. (9.70) 
is negative, an additional angle of лт would be included. If X(s) has a multiple pole or zero 
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(or both), corresponding to some of the a ;'s being equal to each other or some of the B;’s 
being equal to each other (or both), the lengths and angles of the vectors from each of these 
poles or zeros must be included a number of times equal to the order of the pole or zero. 


Example 9.12 
Let 


1 
SF 


X(s) = 





Refs} > — 3 (9.71) 


T’ 
2 
.. The Fourier transform is X(s)|, — jæ. For this example, then, the Fourier transform is 


X(jo) = (9.72) 


jo + V2 


The pole-zero plot for X(s) is shown in Figure 9.16. To determine the Fourier transform 
graphically, we construct the pole vector as indicated. The magnitude of the Fourier 
transform at frequency w is the reciprocal of the length of the vector from the pole to the 

_ point jw on the imaginary axis. The phase of the Fourier transform is the negative of the 
angle of the vector. Geometrically, from Figure 9.16, we can write 


1 


. 2 “ 
IX(jw) = app (ЭЎ (9.73) 
апа 
XX(jo) = — tan! 2w. (9.74) 
Im 
s-plane 





Figure 9.16  Pole-zero plot for Example 9.12. |X(/w)| is the reciprocal of 
the length of the vector shown, and <X(jw) is the negative of the angle of the 
vector. 


Often, part of the value of the geometric determination of the Fourier transform lies 
in its usefulness in obtaining an approximate view of the overall characteristics of the 
transform. For example, in Figure 9.16, it is readily evident that the length of the pole 
vector monotonically increases with increasing w, and thus, the magnitude of the Fourier 
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transform will monotonically decrease with increasing w. The ability to draw general con- 
clusions about the behavior of the Fourier transform from the pole-zero plot is further il- 
lustrated by a consideration of general first- and second-order systems. 


9.4.1 First-Order Systems 


As a generalization of Example 9.12, let us consider the class of first-order systems that 
was discussed in some detail in Section 6.5.1. The impulse response for such a system is 


h(t) = Leul), (9.75) 


and its Laplace transform is 


бый 2 (9.76) 


Bi = sr T 





The pole-zero plot is shown in Figure 9.17. Note from the figure that the length of the pole 
vector is minimal for о = 0 and increases monotonically asw increases. Also, the angle 
of the pole increases monotonically from 0 to 7/2 as w increases from 0 to о. 


Figure 9.17 Pole-zero plot for first- 
order system of eq. (9.76). 





From the behavior of the pole vector as @ varies, it is clear that the magnitude of 
the frequency response H(jw) monotonically decreases as w increases, while £H(j@) 
monotonically decreases from 0 to — 7/2, as shown in the Bode plots for this system in 
Figure 9.18. Note also that when w = 1/7, the real and imaginary parts of the pole vector 
are equal, yielding a value of the magnitude of the frequency response that is reduced by 
a factor of y2, or approximately 3 dB, from its maximum at w = 0 and a value of 7/4 for 
the angle of the frequency response. This is consistent with our examination of first-order 
systems in Section 6.5.1, where we noted that w = 1/7 is often referred to as the 3-dB 
point or the break frequency—i.e., the frequency at which the straight-line approximation 
of the Bode plot of |H(jw)| has a break in its slope. As we also saw in Section 6.5.1, the 
time constant 7 controls the speed of response of first-order systems, and we now see that 


20 logy, | H(w) | 





—3т/4 


Chapter9 The Laplace Transform 677 


Asymptotic 
approximation 


0.1/7 1/7 10/7 100/т 


Asymptotic 
approximation 





0.1/7 1/7 10/7 100/7 Figure 9.18 Frequency response 
о for а first-order system. 
the pole of such a system at s = — 1/т is on the negative real axis, at a distance to the 


origin that is the reciprocal of the time constant. 

From our graphical interpretation, we can also see how changing the time constant 
or, equivalently, the position of the pole of H(s) changes the characteristics of a first-order 
system. In particular, as the pole moves farther into the left-half plane, the break frequency 
and, hence, the effective cutoff frequency of the system increases. Also, from eq. (9.75) 
and from Figure 6.19, we see that this same movement of the pole to the left corresponds 
to a decrease in the time constant 7, resulting in a faster decay of the impulse response 
and a correspondingly faster rise time in the step response. This relationship between the 
real part of the pole locations and the speed of the system response holds more generally; 
that is, poles farther away from the jw-axis are associated with faster response terms in 
the impulse response. 


9.4.2 Second-Order Systems 


Let us next consider the class of second-order systems, which was discussed in some detail 
in Section 6.5.2. The impulse response and frequency response for the system, originally 
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given in eqs. (6.37) and (6.33), respectively, are 


h(t) = M[e*" — е! и), (9.77) 
where 
ei = (У + o - 1, 
>= =h = DENTS si 
Gp 
М = ——., 
2472-1 
and 
a 
H(jo) = ———5———————s (9.78) 


(jw)? + 2f@,(jw) + 92 


The Laplace transform of the impulse response is 


2 2 
Or = 


Н) = 52 + 2605 + 02 3 (s — cis — сә). 


(9.79) 


For > 1, c, and c» are real and thus both poles lie on the real axis, as indicated 
in Figure 9.19(a). The case of ¢ > 1 is essentially a product of two first-order terms, as 
in Section 9.4.1. Consequently, in this case |H(jw)| decreases monotonically as |w| in- 
creases, while X H( jo) varies from 0 at ш = 0 to —7r as w — œ. This can be verified 
from Figure 9.19(a) by observing that the length of the vector from each of the two poles 
to the point s = jw increases monotonically as w increases from 0, and the angle of each 
of these vectors increases from 0 to 7/2 as w increases from 0 to ~. Note also that as Z 
increases, one pole moves closer to the jw-axis, indicative of a term in the impulse re- 
sponse that decays more slowly, and the other pole moves farther into the left-half plane, 
indicative of a term in the impulse response that decays more rapidly. Thus, for large val- 
ues of £, it is the pole close to the jw-axis that dominates the system response for large 
time. Similarly, from a consideration of the pole vectors for ¢ >> 1, as indicated in Fig- 
ure 9.19(b), for low frequencies the length and angle of the vector for the pole close to 
the jw-axis are much more sensitive to changes in w than the length and angle of the 
vector for the pole far from the jw-axis. Hence, we see that for low frequencies, the char- 
acteristics of the frequency response are influenced principally by the pole close to the 
jw-axis. 

For 0 < g < 1, cı and c» are complex, so that the pole-zero plot is that shown in 
Figure 9.19(c). Correspondingly, the impulse response and step response have oscilla- 
tory parts. We note that the two poles occur in complex conjugate locations. In fact, as 
we discuss in Section 9.5.5, the complex poles (and zeros) for a real-valued signal al- 
ways occur in complex conjugate pairs. From the figure—particularly when Z is small, 
so that the poles are close to the jw-axis—as w approaches w,,,/1 — Z?, the behavior of 
the frequency response is dominated by the pole vector in the second quadrant, and in 
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Im Im 


s-plane 


s-plane 


Re 


(b) 





Im Im 


Be 
^ ч. 5-р!апе 
bios % 
OV 1-02 у 


5-р!апе 








соѕ Ө = $ 





(d) 


(c) 
Figure 9.19 (а) Pole-zero plot for a second-order system with ¢ > 1; (b) pole vec- 
tors for ¢ >> 1; (c) pole-zero plot for a second-order system with 0 < ¢ < 1; (d) pole 


vectors for 0 < ¢ < 1 and for о = w,/1 — Z? and w = es 1 — 22 + Lay. 
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particular, the length of that pole vector has a minimum at о = w,,,/1 — 42. Thus, qual- 
itatively, we would expect the magnitude of the frequency response to exhibit a peak 
in the vicinity of that frequency. Because of the presence of the other pole, the peak 
will occur not exactly at w = w,,./1 — Z?, but at a frequency slightly less than this. A 
careful sketch of the magnitude of the frequency response is shown in Figure 9.20(a) 
for wn = 1 and several values of Z where the expected behavior in the vicinity of the 
poles is clearly evident. This is consistent with our analysis of second-order systems in 
Section 6.5.2. 








el 





el 








(b) 


Figure 9.20 (a) Magnitude and (b) phase of the frequency response for a 
second-order system with 0 < ¢ < 1. 
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Thus, for 0 < Z < 1, the second-order system is a nonideal bandpass filter, with the 
parameter Z controlling the sharpness and width of the peak in the frequency response. In 
particular, from the geometry in Figure 9.19(d), we see that the length of the pole vector 
from the second-quadrant pole increases by a factor of y2 from its minimum at w = 
€, 4/1 — £? when о increases or decreases from this value by wn. Consequently, for small 
£, and neglecting the effect of the distant third-quadrant pole, |H ( j«)| is within a factor of 

2 of its peak value over the frequency range 


rdl 7 -—i$19.«o€0.41—1 10, 


If we define the relative bandwidth B as the length of this frequency interval divided by 
the undamped natural frequency w,,, we see that 


В = X. 


Thus, the closer 4 is to zero, the sharper and narrower the peak in the frequency response 
is. Note also that B is the reciprocal of the quality measure Q for second-order systems 
defined in Section 6.5.2. Thus, as the quality increases, the relative bandwidth decreases 
and the filter becomes increasingly frequency selective. 

An analogous picture can be developed for «Н (о), which is plotted in Figure 9.20(b) 
for w, = 1 and several values of ё. As can be seen from Figure 9.19(d), the angle of 
the second-quadrant pole vector changes from — 7/4 to 0 to 7r/4 as œ changes from 
w,J/1— 42 — £o, tow, /1 — Z? tow, / 1 — Z? + fw, For small values of ¢, the angle 
for the third-quadrant pole changes very little over this frequency interval, resulting in 
a rapid change in £H(jw) of approximately 7/2 over the interval, as captured in the 
figure. 

Varying о, with Z fixed only changes the frequency scale in the preceding 
discussion—i.e., |H(w)| and <H(w) depend only on w/w,,. From Figure 9.19(c), we 
also can readily determine how the poles and system characteristics change as we vary 
£, keeping w, constant. Since cos@ = Z, the poles move along a semicircle with fixed 
radius w,. For £ = 0, the two poles are on the imaginary axis. Correspondingly, in the 
time domain, the impulse response is sinusoidal with no damping. As Z increases from 
0 to 1, the two poles remain complex and move into the left-half plane, and the vectors 
from the origin to the poles maintain a constant overall magnitude @„. As the real part of 
the poles becomes more negative, the associated time response will decay more quickly 
as t — ©, Also, as we have seen, as ¢ increases from 0 toward 1, the relative bandwidth 
of the frequency response increases, and the frequency response becomes less sharp and 
less frequency selective. 


9.4.3 All-Pass Systems 


As a final illustration of the geometric evaluation of the frequency response, let us con- 
sider a system for which the Laplace transform of the impulse response has the pole-zero 
plot shown in Figure 9.21(a). From this figure, it is evident that for any point along the 
jw-axis, the pole and zero vectors have equal length, and consequently, the magnitude of 
the frequency response is constant and independent of frequency. Such a system is com- 
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| HGo) | 





(b) 


Figure 9.21 (а) Pole-zero plot for an all-pass system; (b) magnitude and 
phase of an all-pass frequency response. 


monly referred to as an all-pass system, since it passes all frequencies with equal gain (or 
attenuation). The phase of the frequency response is 0; — 05, or, since 0; = т — Ө, 


XH(jo) = T — 262. (9.80) 


From Figure 9.21(a), 0; = tan ! (w/a), and thus, 
XH(jo) = т —21an^! (5) (9.81) 


The magnitude and phase of H( jw) are illustrated in Figure 9.21(b). 


9.5 PROPERTIES OF THE LAPLACE TRANSFORM 


In exploiting the Fourier transform, we relied heavily on the set of properties developed 
in Section 4.3. In the current section, we consider the corresponding set of properties for 
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the Laplace transform. The derivations of many of these results are analogous to those 
of the corresponding properties for the Fourier transform. Consequently, we will not 
present the derivations in detail, some of which are left as exercises at the end of the 
chapter. (See Problems 9.52-9.54.) 


9.5.1 Linearity of the Laplace Transform 


If 
£ with a region of convergence that 
ЖИН x Жыш will be denoted as Ё| 
and 
£ with a region of convergence that 
A) 9 als) will be denoted as А, 
then 


£ 
ах\(ї) + bx2(t) < аХ|(з) + bX2(s), with ROC (9.82) 
containing R; N R2. 





As indicated, the region of convergence of X(s) is at least the intersection of №] and №), 
which could be empty, in which case X(s) has no region of convergence—i.e., x(t) has 
no Laplace transform. For example, for x(t) as in eq. (9.47) of Example 9.7, with b > 0 
the ROC for X(s) is the intersection of the ROCs for the two terms in the sum. If b < 0, 
there are no common points in R, and R3; that is, the intersection is empty, and thus, x(t) 
has no Laplace transform. The ROC can also be larger than the intersection. As a simple 
example, for xı(t) = x2(t) and a = —b in eq. (9.82), x(t) = 0, and thus, X(s) = 0. The 
ROC of X(s) is then the entire s-plane. 

The ROC associated with a linear combination of terms can always be constructed 
by using the properties of the ROC developed in Section 9.2. Specifically, from the inter- 
section of the ROCS for the individual terms (assuming that it is not empty), we can find a 
line or strip that is in the ROC of the linear combination. We then extend this to the right 
(Re{s} increasing) and to the left (Re{s} decreasing) to the nearest poles (which may be 
at infinity). 


Example 9.13 








. In this example, we illustrate the fact that the ROC for the Laplace transform of a linear 
_ combination of signals can sometimes extend beyond the intersection of ће ROCs for 
. the individual terms. Consider 


x(t) = xi(t) — xxt), (9.83) 
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where the Laplace transforms of x;(t) and x»(7) are, respectively, 


1 


se sI' 





(els) > —1, (9.84) 


апа 


1 


XS) = Ga ie +d)’ 


Rejs} > — 1. (9.85) 


The pole-zero plot, including the ROCs for X;(s) and X2(s), is shown in Figures 9.22(a) 
and (b). From eq. (9.82), 


І І _ grt -i 
s-1 ($+1)(3+2) (s-1(st2) 5+2: 





X(s) = 





(9.86) 


Thus, in the linear combination of x,(t) and x»(1), the pole at s = —1 is canceled by a 
zero ats = —1. The pole-zero plot for X(s) = Xi(s) — X2(s) is shown in Figure 9.22(c). 
The intersection of the ROCs for X;(s) and X2(s) is Refs} > —1. However, since the 
ROC is always bounded by a pole or infinity, for this example the ROC for X(s) can be 








extended to the left to be bounded by the pole at s = —2, as a result of the pole-zero 
cancellation ats = — І. 
Im Im Im 

| | | 

| 5-р!апе ! s-plane l s-plane 

| Ry | R2 | R 

| | | 
- ! ER 

7 Re 72 3 Re Г: Re 

i | | 

| | | 

| | | 

(а) (b) (с) 


Figure 9.22  Pole-zero plots and ROCs for Example 9.13: (a) X;(s); 

(b) X»(s); (c) Х.(5) — Xo(s). The ROC for X;(s) — (5) includes the inter- 
section of А; and А, which can then be extended to be bounded by the pole 
ats = —2. 


9.5.2 Time Shifting 


If 


then 


& 
x(t) < X(s), with ROC = R, 





£ 
x(t — to) <> e °Х(5), with ROC = r | (9.87) 
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9.5.3 Shifting in the s-Domain 
If 


£ 
x(t) — X(s), with ROC = R, 


e™ x(t) e X(s— sg) with ROC = R + Gle(so]. (9.88) 


That is, the ROC associated with X(s — so) is that of X(s), shifted by Re{so}. Thus, for any 
value s that is іп R, the value 5 + Re{so} will be in R;. This is illustrated in Figure 9.23. 
Note that if X(s) has a pole or zero ats = a, then X(s— so) has a pole or zero at s— sọ = a— 
i.e.,5 = а + 50. 

An important special case of eq. (9.88) is when so = jwo—i.e., when a signal x(t) 
is used to modulate a periodic complex exponential e/""', In this case, eq. (9.88) becomes 


then 





- £ 
ex(t) < X(s — jog) with ROC = R. (9.89) 
The right-hand side of eq. (9.89) can be interpreted as a shift in the s-plane parallel to 


the jw-axis. That is, if the Laplace transform of x(t) has a pole or zero at s = a, then the 
Laplace transform of e/”°' x(t) has a pole or zero at s = а + јоу. 


9.5.4 Time Scaling 
If 


£ 
x(t) ——5 X(s) | with ROC = R, 





T2 * (fle (So) 4+ Re (50) 





(a) (b) 


Figure 9.23 Effect on the ROC of shifting in the s-domain: (a) the ROC of 
X(s); (b) the ROC of X(s — sj). 
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then 





z) with ROC R, = |a|R. (9.90) 


That is, for any value s in R [which is illustrated in Figure 9.24(а)], the value a-s will 
be in Rj, as illustrated in Figure 9.24(b) for a positive value of 0<а< 1. Note that, for 
0 «a« 1, there is a compression in the size of the ROC of X(s) by a factor of a, as depicted 
in Figure 9.24(b), while for a » 1, the ROC is expanded by a factor of a. Also, 
eq. (9.90) implies that if a is negative, the ROC undergoes a reversal plus a scaling. In 
particular, as depicted in Figure 9.24(c), the ROC of l/Ja|X(s/a) for – 1 <а < 0 involves 





(a) (b) 


Figure 9.24 Effect on the ROC of 
time scaling: (a) ROC of X(s); (b) ROC 
of (1]а|)Х(5/а) for 0 « a« 1; (c) ROC of 
(1/|a|)X(s/a) for —1«a «0. 





(c) 
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a reversal about the jw-axis, together with a change in the size of the ROC by a factor of 
la|- Thus, time reversal of x(t) results in a reversal of the ROC. That is, 


x oen. (=з wi ROG KR (9.91) 


9.5.5 Conjugation 





If 
дй «25 X@, withROC=R (9.92) 
then 
& 
x'(t) < X'(s), with ROC = R. (9.93) 
Therefore, 
X(s) = X'(s') when x(t) is real. (9.94) 


Consequently, if x(t) is real and if X(s) has a pole or zero at s = So (i.e., if X(s) is un- 
bounded or zero at 5 = 59), then X(s) also has a pole or zero at the complex conjugate 
point s = 5. For example, the transform X(s) for the real signal x(t) in Example 9.4 has 
poles at s = 1 + 3j and zeros ats = (—5 + jy. 


9.5.6 Convolution Property 


If 
£ " 
xi(f) — Х|(5), with ROC = Rj, 
and 
£ ә 
x(t) ——9 Х›(5), with ROC = К», 
then 


£ 
x(t) * x2(t) <—> Xı(s)X2(s) with ROC containing № N R;. (9.95) 


In a manner similar to the linearity property set forth in Section 9.5.1, the ROC of 
X\(s)X(s) includes the intersection of the ROCs of Х| (5) and X2(s) and may be larger if 
pole-zero cancellation occurs in the product. For example, if 





s+1 
s+2 





X\(s) = à Refs} > —2, (9.96) 
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and 


X2(s) = 1+1 Refs} > —1, (9.97) 
then X|(s)X2(s) = 1, and its ROC is the entire s-plane. 

As we saw in Chapter 4, the convolution property in the context of the Fourier 
transform plays an important role in the analysis of linear time-invariant systems. In Sec- 
tions 9.7 and 9.8 we will exploit in some detail the convolution property for Laplace trans- 
forms for the analysis of LTI systems in general and, more specifically, for the class of 


systems represented by linear constant-coefficient differential equations. 
9.5.7 Differentiation in the Time Domain 
If 


& 
x(t) ——9 X(s), with ROC = R, 
then 





= «2. sX(s), ^ with ROC коз (9.98) 





This property follows by differentiating both sides of the inverse Laplace transform as 
expressed in equation (9.56). Specifically, let 

1 o jo 
x(t) = xl X(s)e"ds. 
TJ 


g- jo 


Then 


sX(s)e"ds. (9.99) 





dx: [ew 
dt sil 
Consequently, d x(t)/dt is the inverse Laplace transform of sX(s). The ROC of sX(s) in- 
cludes the ROC of X(s) and may be larger if X(s) has a first-order pole at s = 0 that is 
canceled by the multiplication by s. For example, if x(t) = u(t), then X(s) = 1/s, with an 
ROC that is Re{s} > 0. The derivative of x(t) is an impulse with an associated Laplace 
transform that is unity and an ROC that is the entire s-plane. 


g-— jo 


9.5.8 Differentiation in the s-Domain 
Differentiating both sides of the Laplace transform equation (9.3), i.e., 


+00 


X(s) - | x(the “dt, 


—%® 


we obtain 





dX(s) - | "(-ta(De""dr. 
ds Los 
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Consequently, if 
£ 
x(t) < X(s), with ROC = R, 


then 


£ 
—tx(t) —— 2 with ROC = К. (9.100) 








The next two examples illustrate the use of this property. 


Example 9.14 


Let us find the Laplace transform of 








x(t) = te “u(t). (9.101) 
Since 
e “u(t) “= Refs} > —a, 
sta 
it follows from eq. (9.100) that 
teul) «= & esl - irs е5} > —a. (9.102) 


In fact, by repeated application of eq. (9.100), we obtain 


> 


Rejs} > —a, (9.103) 


t artti s TR MT 
2 (s + а)?’ 


and, more generally, 


ri | 


(n — 1)! Refs} 25 =4, (9.104) 


e u(t) D e 
(s + а)" 
As the next example illustrates, this specific Laplace transform pair is particularly use- 
ful when applying partial-fraction expansion to the determination of the inverse Laplace 
transform of a rational function with multiple-order poles. 


Example 9.15 
Consider the Laplace transform 


252 + 55 + 5 


X(s) = (s I? +2) 


Rejs} > —1. 


Applying the partial-fraction expansion method described in the appendix, we can write 


2 1 3 


ues (s--I? (s+ ars 





Rejs} > —1. (9.105) 
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Since the ROC is to the right of the poles at s = —1 and —2, the inverse transform of 
each of the terms is a right-sided signal, and, applying eqs. (9.14) and (9.104), we obtain 
the inverse transform 


x(t) = [2te" — e" + Зе ?']u(r). 


9.5.9 Integration in the Time Domain 
If 


£ 
x(t) < X(s), with ROC = R, 
then 


a 
x(r)dr < ly (s), with ROC containing (9.106) 
" R n {Refs} > 0). 





This property is the inverse of the differentiation property set forth in Section 9.5.7. It can 
be derived using the convolution property presented in Section 9.5.6. Specifically, 


| х(т)ат = u(t) * x(t). (9.107) 


From Example 9.1, with a = 0, 
u(t) ET - Refs} > 0, (9.108) 
and thus, from the convolution property, 
u(t) * x(t) Ss Txis) (9.109) 


with an ROC that contains the intersection of the ROC of X (s) and the ROC of the Laplace 
transform of u(t) in eq. (9.108), which results in the ROC given in eq. (9.106). 


9.5.10 The Initial- and Final-Value Theorems 


Under the specific constraints that x(t) = 0 for t < 0 and that x(t) contains no impulses 
or higher order singularities at the origin, one can directly calculate, from the Laplace 
transform, the initial value x(0* )—i.e., x(t) as t approaches zero from positive values of 
t. Specifically the initial-value theorem states that 


x(0*) = lim sX(s), (9.110) 


Also, if x(t) = 0 for t < 0 and, in addition, x(t) has a finite limit as t + =, then the final- 
value theorem says that lim x(r) = lim sX(s). (9.111) 
tx 5—0 


The derivation of these results is considered in Problem 9.53. 
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Example 9.16 


The initial- and final-value theorems can be useful in checking the correctness of the 
Laplace transform calculations for a signal. For example, consider the signal x(t) in 
Example 9.4. From eq. (9.24), we see that x(0*) = 2. Also, using eq. (9.29), we find 
that 

253 + 5s? + 125 


bn sh) = Бш du ae 20 A 





which is consistent with the initial-value theorem in ед. (9.110). 


9.5.11 Table of Properties 


In Table 9.1, we summarize the properties developed in this section. In Section 9.7, 
many of these properties are used in applying the Laplace transform to the analysis and 
characterization of linear time-invariant systems. As we have illustrated in several exam- 
ples, the various properties of Laplace transforms and their ROCs can provide us with 


TABLE 9.1 PROPERTIES OF THE LAPLACE TRANSFORM 





Laplace 
Section Property Signal Transform ROC 
x(t) X(s) R 
x(t) Xi(s) Ri 
x(t) Х›(5) Р 
Linearity ах\(ї) + bx2(t) | aXi(s) + БХ(5) | At least Ri П Rə 
Time shifting x(t — to) e "? X(s) R 
Shifting in the s-Domain e» x(t) X(s — so) Shifted version of R (i.e., s is 


in the ROC if s — so is in R) 


1 
ax) Scaled ROC (i.e., s is in the 
а. ҳа ROC if s/a is іп R) 


Time scaling x(at) 


Conjugation x(t) X'(s*) R 
Convolution x(t) ж x(t) X\(s)X2(s) At least R, П R; 


ей, d 
Differentiation in the 40 sX(s) At least R 
Time Domain d 


Differentiation in the х) 4 бу R 
З ds 
s-Domain 


Integration in the Time | х(т)а(т) "x (s) At least R N {Refs} > 0) 





Initial- and Final-Value Theorems 
9.5.10 If x(t) = 0 for t < 0 and x(t) contains no impulses or higher-order singularities at t = 0, then 


x(0*) = lim sX(s) 
5—9 
If x(t) = 0 for t < О and x(t) has a finite limit as г —9 2, then 
lim x(t) = lim sX(s) 
tox 5—0 
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considerable information about a signal and its transform that can be useful either in char- 
acterizing the signal or in checking a calculation. In Sections 9.7 and 9.8 and in some of 
the problems at the end of this chapter, we give several other examples of the uses of these 


properties. 


9.6 SOME LAPLACE TRANSFORM PAIRS 


As we indicated in Section 9.3, the inverse Laplace transform can often be easily evaluated 
by decomposing X(s) into a linear combination of simpler terms, the inverse transform 
of each of which can be recognized. Listed in Table 9.2 are a number of useful Laplace 


TABLE 9.2 LAPLACE TRANSFORMS OF ELEMENTARY FUNCTIONS 


ô(t) 


u(t) 


—u(-1t) 
m! 

(n — pi 
n-l 


“aoa 


e ult) 


–е а n(— f) 


1" 1 
mop A 
1" 1 


m- 
&(t — T) 


e" u(—t) 


[cos oot ]u(t) 
[sin wotlult) 
[e " cos wot]u(t) 


[e ^' sin cor]u(r) 


4"(1) 


ust) = йг" 


u_,(t) = u(t) ж" ж u(t) 
IT 


n times 


|— a|- ш | m а | mt 


a 


— 


Sta 


Sta 


(s + а)" 
1 
(5+ а)" 
e 
5 
Wy 
sta 


(s + а)? + 


Фо 


(5+ a + од 





Alls 
Gte[s) > 0 


(le(s) < 0 
Re{s} > 0 
Rejs} < 0 
Refs} > —a 
Gle(s) < —a 
{5} > —a 
Rels} < —a 


Alls 
Gle(s) > 0 


Gie(s) > 0 
(Rie(s) > —a 
Gels} > —a 
Alls 


(le(s) > 0 
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transform pairs. Transform pair 1 follows directly from eq. (9.3). Transform pairs 2 and 
6 follow directly from Example 9.1 with a = 0 and a = aq, respectively. Transform pair 
4 was developed in Example 9.14 using the differentiation property. Transform pair 8 
follows from transform pair 4 using the property set forth in Section 9.5.3. Transform pairs 
3,5, 7, and 9 are based on transform pairs 2, 4, 6 and 8, respectively, together with the time- 


scaling property of section 9.5.4 with а = — 1. Similarly, transform pairs 10 through 16 
can all be obtained from earlier ones in the table using appropriate properties in Table 9.1 
(see Problem 9.55). 


9.7 ANALYSIS AND CHARACTERIZATION OF LTI SYSTEMS USING 
THE LAPLACE TRANSFORM 


One of the important applications of the Laplace transform is in the analysis and character- 
ization of LTI systems. Its role for this class of systems stems directlv from the convolution 
property (Section 9.5.6). Specifically, the Laplace transforms of the input and output of an 
LTI system are related through multiplication by the Laplace transform of the impulse 
response of the system. Thus, 


Y(s) = H(s)X(s). (9.112) 


where X(s), Y(s), and H(s) are the Laplace transforms of the input, output, and 
impulse response of the system, respectively. Equation (9.112) is the counterpart, in 
the context of Laplace transforms, of eq. (4.56) for Fourier transform. Also, from our 
discussion in Section 3.2 on the response of LTI systems to complex exponentials, if the 
input to an LTI system is x(t) = e", with s in the ROC of H(s), then the output will be 
H(s)e", i.e., e" is an eigenfunction of the system with eigenvalue equal to the Laplace 
transform of the impulse response. 

If the ROC of H(s) includes the imaginary axis, then for s = jw, H(s) is the 
frequency response of the LTI system. In the broader context of the Laplace 
transform, H(s) is commonly referred to as the system function or, alternatively, the 
transfer function. Many properties of LTI systems can be closely associated with the 
characteristics of the system function in the s-plane. We illustrate this next by 
examining several important properties and classes of systems. 


9.7.1 Causality 


For a causal LTI system, the impulse response is zero for t < 0 and thus is right sided. 
Consequently, from the discussion in Section 9.2, we see that 


The ROC associated with the system function for a 
causal system is a right-half plane. 


It should be stressed, however, that the converse of this statement is not necessarily 
true. That is, as illustrated in Example 9.19 to follow, an ROC to the right of the rightmost 
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pole does not guarantee that a system is causal; rather, it guarantees only that the impulse 
response is right sided. However, if Н (s) is rational, then, as illustrated in Examples 9.17 
and 9.18 to follow, we can determine whether the system is causal simply by checking to 
see if its ROC is a right-half plane. Specifically, 





Fora system with a rational system function, causality 
of the system is equivalent to the ROC being the 
right-half plane to the right of the rightmost pole. 





Example 9.17 
Consider a system with impulse response 
A(t) = е 'u(t). (9.113) 


Since h(t) = 0 fort < 0, this system is causal. Also, the system function can be obtained 
from Example 9.1: 


1 


H(s) = oii Re{s} > —1. (9.114) 


In this case, the system function is rational and the ROC in eq. (9.114) is to the right of 
the rightmost pole, consistent with our statement that causality for systems with rational 
~ system functions is equivalent to the ROC being to the right of the rightmost pole. 
Example 9.18 
Consider a system with impulse response 
A(t) = е". 
Since h(t) # 0 for t < 0, this system is not causal. Also, from Example 9.7, the system 


function is 


-2 
dai" m 


E —1 < Refs} < +1. 


Thus, H (s) is rational and has an ROC that is nor to the right of the the rightmost pole, 
consistent with the fact that the system is not causal. 


Example 9.19 
Consider the system function 


e 


sl 





H(s) — (le(s) > —1. (9.115) 


For this system, the ROC is to the right of the rightmost pole. Therefore, the impulse 
response must be right sided. To determine the impulse response, we first use the result 
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of Example 9.1: 


e ‘u(t) as T (tels) > —1. (9.116) 


Next, from the time-shifting property of Section 9.5.2 [eq. (9.87)], the factor е* in eq. 
(9.115) can be accounted for by a shift in the time function in eq. (9.116). Then 


e 


I (le(s) > —1, (9.117) 





£ 
e Cut 1) < 





so that the impulse response associated with the system is 
h(t) = e Putt 1), (9.118) 


which is nonzero for —1 < t < 0. Hence, the system is not causal. This example serves 
— as a reminder that causality implies that the ROC is to the right of the rightmost pole, 
— but the converse is not in general true, unless the system function is rational. 





In an exactly analogous manner, we can deal with the concept of anticausality. A 
system is anticausal if its impulse response A(t) = 0 for t > 0. Since in that case h(t) 
would be left sided, we know from Section 9.2 that the ROC of the system function Н (5) 
would have to be a left-half plane. Again, in general, the converse is not true. That is, if 
the ROC of Н (5) is a left-half plane, all we know is that h(t) is left sided. However, if H(s) 
is rational, then having an ROC to the left of the leftmost pole is equivalent to the system 
being anticausal. 


9.7.2 Stability 


The ROC of H(s) can also be related to the stability of a system. As mentioned in Sec- 
tion 2.3.7, the stability of an LTI system is equivalent to its impulse response being abso- 
lutely integrable, in which case (Section 4.4) the Fourier transform of the impulse response 
converges. Since the Fourier transform of a signal equals the Laplace transform evaluated 
along the jw-axis, we have the following: 


An LTI system is stable if and only if the ROC 


of its system function H(s) includes the entire 
jw-axis [i.e., %е/5) = 0]. 








Example 9.20 
__ Let us consider an LTI system with system function 


ge] 


Hi) = I-A 


(9.119) 
Since the ROC has not been specified, we know from our discussion in Section 9.2 that 
there are several different ROCs and, consequently, several different system impulse re- 
sponses that can be associated with the algebraic expression for H(s) given in eq. (9.119). 
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If, however, we have information about the causality or stability of the system, the ap- 
propriate ROC can be identified. For example, if the system is known to be causal, the 
ROC will be that indicated in Figure 9.25(a), with impulse response 


2 


h(t) = G e : e uo (9.120) 


Note that this particular choice of ROC does not include the jw-axis, and consequently, 
the corresponding system is unstable (as can be checked by observing that A(t) is not 
absolutely integrable). On the other hand, if the system is known to be stable, the ROC 
is that given in Figure 9.25(b), and the corresponding impulse response is 


h(t) = Zeul) — Teun, 


which is absolutely integrable. Finally, for the ROC in Figure 9.25(c), the system is 
anticausal and unstable, with 


A(t) = — Ge + zeon 


3 
Im dm 
| | | 
| s-plane | | s-plane 
| | | 
| | | 
| | | 
| | | 
x x —— eo 
-1| 7 @ Re ^ tas? Re 
| | | 
| | | 
| | | 
| | | 
| | l 
(a) (b) 
Im 
| 
| 5-р!апе 
| 
| 
| 
ж х 
=1 1 2 Re 
1 
| 
| 
| 
(с) 


Figure 9.25 Possible ROCs for the system function of Example 9.20 with 
poles at s = —1 and s = 2 and a zero at s = 1: (a) causal, unstable system; 
(b) noncausal, stable system; (c) anticausal, unstable system. 
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It is perfectly possible, of course, for a system to be stable (or unstable) and have 
a system function that is not rational. For example, the system function in eq. (9.115) is 
not rational, and its impulse response in eq. (9.118) is absolutely integrable, indicating 
that the system is stable. However, for systems with rational system functions, stability is 
easily interpreted in terms of the poles of the system. For example, for the pole-zero plot in 
Figure 9.25, stability corresponds to the choice of an ROC that is between the two poles, 
so that the jw-axis is contained in the ROC. 

For one particular and very important class of systems, stability can be characterized 
very simply in terms of the locations of the poles. Specifically, consider a causal LTI system 
with a rational system function Н (s). Since the system is causal, the ROC is to the right of 
the rightmost pole. Consequently, for this system to be stable (i.e., for the ROC to include 
the jw-axis), the rightmost pole of H(s) must be to the left of the jw-axis. That is, 


A causal system with rational system function H(s) 
is stable if and only if all of the poles of H(s) lie in 


the left-half of the s-plane—i.e., all of the poles have 
negative real parts. 








Example 9.21 


___ Consider again the causal system in Example 9.17. The impulse response in eq. (9.113) 
is absolutely integrable, and thus the system is stable. Consistent with this, we see that 
the pole of H(s) in eq. (9.114) is at s = —1, which is in the left-half of the s-plane. In 
contrast, the causal system with impulse response 


h(t) = e"u(t) 


is unstable, since A(t) is not absolutely integrable. Also, in this case 






H(s) = E Refs} > 2, 


so the system has a pole at s — 2 in the right half of the s-plane. 


Example 9.22 


Let us consider the class of causal second-order systems previously discussed in Sec- 
tions 9.4.2 and 6.5.2. The impulse response and system function are, respectively, 





h(t) = M[e^' — е" ]и(г) (9.121) 
and 
2 2 
HG) = 5 ‚йй = aca (9.122) 
where 
с = -fwn + os C — 1, (9.123) 
с = hwn — 94/0 - 1, (9.124) 
M = — = (9.125) 
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Figure 9.26 Pole locations and ROC for a causal second-order system 
with ¢ < 0. 


In Figure 9.19, we illustrated the pole locations for > 0. In Figure 9.26, we illustrate 
the pole locations for Z < 0. As is evident from the latter figure and from eqs. (9.124) 
and (9.125), for  < 0 both poles have positive real parts. Consequently, for  < 0, the 
causal second-order system cannot be stable. This is also evident in eq. (9.121), since, 
with Re{c;} > 0 and Re{c2} > 0, each term grows exponentially as t increases, and thus 
h(t) cannot be absolutely integrable. 


9.7.3 LTI Systems Characterized by Linear Constant-Coefficient 


Differential Equations 


In Section 4.7, we discussed the use of the Fourier transform to obtain the frequency re- 
sponse of an LTI system characterized by a linear constant-coefficient differential equation 
without first obtaining the impulse response or time-domain solution. In an exactly anal- 
ogous manner, the properties of the Laplace transform can be exploited to directly obtain 
the system function for an LTI system characterized by a linear constant-coefficient dif- 
ferential equation. We illustrate this procedure in the next example. 


Example 9.23 


:; Consider an LTI system for which the input x(t) and output y(t) satisfy the linear 
constant-coefficient differential equation 


20 + 3y(t) = x(t). (9.126) 
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Applying the Laplace transform to both sides of eq. (9.126), and using the linearity and 
differentiation properties set forth in Sections 9.5.1 and 9.5.7, respectively [(eqs. (9.82) 
and (9.98)], we obtain the algebraic equation 


sY(s) + 3Y(s) = X(s). (9.127) 
Since, from eq. (9.112), the system function is 
_ Y(s) 
H(s) = XG' 
ty we obtain, for this system, 
1 
Н(5) = 3 (9.128) 


This, then, provides the algebraic expression for the system function, but not the 
region of convergence. In fact, as we discussed in Section 2.4, the differential equation 
itself is not a complete specification of the LTI system, and there are, in general, differ- 
ent impulse responses, all consistent with the differential equation. If, in addition to the 
differential equation, we know that the system is causal, then the ROC can be inferred 
_ to be to the right of the rightmost pole, which in this case corresponds to Re{s} > —3. If 
the system were known to be anticausal, then the ROC associated with H (s) would be 
Refs} < —3. The corresponding impulse response in the causal case is 


h(t) = e^'u(t), (9.129) 


whereas in the anticausal case it is 





h(t) = —e ?'u(-t). (9.130) 


The same procedure used to obtain H(s) from the differential equation in Exam- 
ple 9.23 can be applied more generally. Consider a general linear constant-coefficient dif- 
ferential equation of the form 


so, 40 _ чс, do 
2," E. s À (9.131) 








Applying the Laplace transform to both sides and using the linearity and differenti- 
ation properties repeatedly, we obtain 


N M 
(> asyo = (> but jo (9.132) 
k=0 k=0 


or 


zi 
His) = ^0 2 (9.133) 
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Thus, the system function for a system specified by a differential equation is always ratio- 
nal, with zeros at the solutions of 


M 
> bist = 0 (9.134) 
k=0 
and poles at the solutions of 
N 
> as* = 0 (9.135) 
k=0 


Consistently with our previous discussion, eq. (9.133) does not include a specification of 
the region of convergence of H(s), since the linear constant-coefficient differential equa- 
tion by itself does not constrain the region of convergence. However, with additional in- 
formation, such as knowledge about the stability or causality of the system, the region of 
convergence can be inferred. For example, if we impose the condition of initial rest on the 
system, so that it is causal, the ROC will be to the right of the rightmost pole. 


Example 9.24 


An RLC circuit whose capacitor voltage and inductor current are initially zero constitutes 
an LTI system describable by a linear constant-coefficient differential equation. Consider 
| the series RLC circuit in Figure 9.27. Let the voltage across the voltage source be the 
input signal х(г), and let the voltage measured across the capacitor be the output signal 
_ y(t). Equating the sum of the voltages across the resistor, inductor, and capacitor with 
the source voltage, we obtain 














dy(t) d^y(t) ет" 
RC— + LC qe + y(t) = x(t). (9.136) 
Applying eq. (9.133), we obtain 
1/LC 


H(s) = (9.137) 


52 + (R/L)s + (VLC) 


| As shown in Problem 9.64, if the values of К, L, апа С are all positive, the poles of 
| this system function will have negative real parts, and consequently, the system will be 
stable. 


x(t) C y(t) 


"M LET 


Figure 9.27 A series RLC circuit. 
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9.7.4 Examples Relating System Behavior to the System Function 


As we have seen, system properties such as causality and stability can be directly related 
to the system function and its characteristics. In fact, each of the properties of Laplace 
transforms that we have described can be used in this way to relate the behavior of the 
system to the system function. In this section, we give several examples illustrating this. 


Example 9.25 
Suppose we know that if the input to an LTI system is 
x(t) = e^? u(t), 
then the output is 
y(t) = [e' – e "]u(). 


— As we now show, from this knowledge we can determine the system function for this 
— — system and from this can immediately deduce a number of other properties of the system. 
Taking Laplace transforms of x(t) and y(t), we get 


1 
s+3’ 





X(s) = Rejs} > —3, 


and 


1 


Ms) кету а 


Refs} > —1. 


From eq. (9.112), we can then conclude that 





“© Xs) G*DG42) $3542 


Furthermore, we can also determine the ROC for this system. In particular, we 

know from the convolution property set forth in Section 9.5.6 that the ROC of Y (s) must 

— include at least the intersections of the ROCs of X(s) and H(s). Examining the three 

— - possible choices for the ROC of H(s) (i.e., to the left of the pole at s = —2, between the 

— poles at —2 and — 1, and to the right of the pole at s = —1), we see that the only choice 

_ that is consistent with the ROCs of X(s) and Y(s) is Re{s} > — 1. Since this is to the 

_ right of the rightmost pole of H(s), we conclude that H(s) is causal, and since both poles 

of H(s) have negative real parts, it follows that the system is stable. Moreover, from the 

— relationship between eqs. (9.131) and (9.133), we can specify the differential equation 
— that, together with the condition of initial rest, characterizes the system: 

dyl) | ,dy(t) 


_ аха) 
je ta C9 














+ 3x(t). 
Example 9.26 
— Suppose that we are given the following information about an LTI system: 


1. The system is causal. 
2. The system function is rational and has only two poles, at s = —2 and s = 4. 
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3. If x(t) = 1, then y(t) = 0. 
4. The value of the impulse response at £ = 0* is 4. 





_ From this information we would like to determine the system function of the system. 
: From the first two facts, we know that the system is unstable (since it is causal and 
_ has a pole at s = 4 with positive real part) and that the system function is of the form 


e LUAM a ND 
Н) = ое р а 


where p(s) is a polynomial in s. Because the response у(/) to the input x(t) = 1 = e?" 
.. must equal H(0) · е?" = H(0), we conclude, from fact 3, that p(0) = 0—i.e., that p(s) 
— must have a root at s = 0 and thus is of the form 





p(s) = sq(s), 


` where q(s) is another polynomial in s. 
Finally, from fact 4 and the initial-value theorem in Section 9.5.10, we see that 








; 52465) 
dni T Dm T "е 


(9.138) 
— Ass — о, the terms of highest power in s in both the numerator and the denominator 
- of sH(s) dominate and thus аге the only ones of importance in evaluating eq. (9.138). 
Furthermore, if the numerator has higher degree than the denominator, the limit will 
diverge. Consequently, we can obtain a finite nonzero value for the limit only if the 
— . degree of the numerator of sH (s) is the same as the degree of the denominator. Since the 
_ degree of the denominator is 2, we conclude that, for eq. (9.138) to hold, q(s) must be a 
constant—i.e., g(s) = K. We can evaluate this constant by evaluating 


lim = = lim ЖР de К. (9.139) 


Equating eqs. (9.138) and (9.139), we see that K = 4, and thus, 


4s 


HG) 7 aay 





Example 9.27 


Consider a stable and causal system with impulse response A(t) and system function 
H(s). Suppose Н (5) is rational, contains a pole at s = —2, and does not have a zero at 
the origin. The location of all other poles and zeros is unknown. For each of the following 
statements let us determine whether we can definitely say that it is true, whether we can 
definitely say that it is false, or whether there is insufficient information to ascertain the 
statement's truth: 


(a) 5 [ h(r)e"] converges. 


(b) ла = 0. 
(c) th(t) is the impulse response of a causal and stable system. 
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(d) dh(t)/dt contains at least one pole in its Laplace transform. 
(e) h(t) has finite duration. 

(f) H(s) = H(—S). 

(g) lim, H(s) = 2. 


Statement (a) is false, since jy (A(r)e?') corresponds to the value of the Laplace 
transform of A(t) at s = —3. If this converges, it implies that s = —3 is in the ROC. 
А causal and stable system must always have its ROC to the right of all of its poles. 
However, 5 = —3 is not to the right of the pole ats = —2. 

Statement (b) is false, because it is equivalent to stating that H(0) = 0. This con- 
tradicts the fact that H(s) does not have a zero at the origin. 

Statement (c) is true. According to Table 9.1, the property set forth in Section 9.5.8, 
the Laplace transform of th(t) has the same ROC as that of H(s). This ROC includes 
the jw-axis, and therefore, the corresponding system is stable. Also, A(t) = 0 fort < 0 
implies that th(t) = 0 for t < 0. Thus, th(t) represents the impulse response of a causal 
system. 

Statement (d) is true. According to Table 9.1, dh(t)/dt has the Laplace transform 
sH(s). The multiplication by s does not eliminate the pole ats = —2. 

Statement (e) is false. If A(t) is of finite duration, then if its Laplace transform 
has any points in its ROC, the ROC must be the entire s-plane. However, this is not 
consistent with H(s) having a pole ats — —2. 

Statement (f) is false. If it were true, then, since H(s) has a pole at s = —2, it 
must also have a pole at s — 2. This is inconsistent with the fact that all the poles of a 
causal and stable system must be in the left half of the s-plane. 

The truth of statement (g) cannot be ascertained with the information given. The 
statement requires that the degree of the numerator and denominator of H(s) be equal, 
and we have insufficient information about Н (5) to determine whether this is the case. 


9.7.5 Butterworth Filters 


In Example 6.3 we briefly introduced the widely-used class of LTI systems known as 
Butterworth filters. The filters in this class have a number of properties, including the 
characteristics of the magnitude of the frequency response of each of these filters in the 
passband, that make them attractive for practical implementation. As a further illustration 
of the usefulness of Laplace transforms, in this section we use Laplace transform tech- 
niques to determine the system function of a Butterworth filter from the specification of 
its frequency response magnitude. 

An Nth-order lowpass Butterworth filter has a frequency response the square of 
whose magnitude is given by 


1 


(9.140) 


where N is the order of the filter. From eq. (9.140), we would like to determine the system 
function B(s) that gives rise to |B(jw)|*. We first note that, by definition, 


|B( jw)? = B(jo)B'(jo). (9.141) 
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If we restrict the impulse response of the Butterworth filter to be real, then from the prop- 
erty of conjugate symmetry for Fourier transforms, 


B'(jo) = B(—jw), (9.142) 
so that 
1 


B( jw) B(— jo) = 14 Quiju Y^ (9.143) 
Next, we note that B(s)|,— jo = B(jw), and consequently, from eq. (9.143), 
1 
B(s)B(—s) = (9.144) 


1 + (s/ jo)? N' 


The roots of the denominator polynomial corresponding to the combined poles of 
B(s)B(— 5s) are at 





$ = (—-1) 7 (Gjo). (9.145) 
Equation (9.145) is satisfied for any value s = s, for which 
Isp] = we (9.146) 
and 
| T(2k- 1), T E | 
Xs, 2N F 7’ k an integer; (9.147) 
that is, 
1 
Sp = cx exp [oa 4 sn], (9.148) 


In Figure 9.28 we illustrate the positions of the poles of B(s)B(—s) for N = 
1, 2, 3, and 6. In general, the following observations can be made about these poles: 


1. There are 2N poles equally spaced in angle on a circle of radius о, in the s-plane. 


2. A pole never lies on the jw-axis and occurs on the a-axis for N odd, but not for 
N even. 


3. The angular spacing between the poles of B(s)B(—s) is 7/N radians. 


To determine the poles of B(s) given the poles of B(s)B(—s), we observe that the 
poles of B(s)B(—s) occur in pairs, so that if there is a pole at s = sp, then there is also 
а pole at s = —s,. Consequently, to construct B(s), we choose one pole from each pair. 
If we restrict the system to be stable and causal, then the poles that we associate with 
B(s) are the poles along the semicircle in the left-half plane. The pole locations specify 
B(s) only to within a scale factor. However, from eq. (9.144), we see that B?(s)|, o = 1, ог 
equivalently, from eq. (9.140), the scale factor is chosen so that the square of the magnitude 
of the frequency response has unity gain atw = 0. 

To illustrate the determination of B(s), let us consider the cases N = 1, N = 2, and 
N = 3. In Figure 9.28 we showed the poles of B(s)B(—s), as obtained from eq. (9.148). 
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Figure 9.28 Position of the poles of B(s)B(—s) for N = 1,2,3, and 6. 


In Figure 9.29 we show the poles associated with B(s) for each of these values of N. The 
corresponding transfer functions are: 








N-u Во) = с; на 
2 
М = 2: B(s) = са Iam 
= БЦР (9.150) 
52 + (20,5 + w? 
5 
N23 B(s) — (s + eX + Im + ве 102) 
2 © (9.151) 


(s + a? + ш + w?) 


we 


(os 2e) + 2005 + 03 


Based on the discussion in Section 9.7.3, from B(s) we can determine the associated 
linear constant-coefficient differential equation. Specifically, for the foregoing three values 
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Re 





Figure 9.29 Position of the poles of B(s) for N = 1, 2, and 3. 


of N, the corresponding differential equations are: 














N=] 20 dabit = od (9.152) 
2 
Kem б үч mM Jio, TE + w2y(t) = w2x(t); (9.153) 
Е d* y(t) d^y(t) 2d (t) d ro & 
Ks 0 + Dare? + 2017. + ay) = айд). (9.154) 


9.8 SYSTEM FUNCTION ALGEBRA AND BLOCK DIAGRAM REPRESENTATIONS 


The use of the Laplace transform allows us to replace time-dornain operations such as 
differentiation, convolution, time shifting, and so on, with algebraic operations. We have 
already seen many of the benefits of this in terms of analyzing LTI systems, and in this 
section we take a look at another important use of system function algebra, namely, in 
analyzing interconnections of LTI systems and synthesizing systems as interconnections 
of elementary system building blocks. 
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9.8.1 System Functions for Interconnections of LTI Systems 


Consider the parallel interconnection of two systems, as shown in Figure 9.30(a). The 
impulse response of the overall system is 


A(t) = hi(t) + h»(t), (9.155) 
and from the linearity of the Laplace transform, 
H(s) = H,(s) + H»(s). (9.156) 
Similarly, the impulse response of the series interconnection in Figure 9.30(b) is 
h(t) = hi(t) * h(t), (9.157) 
and the associated system function is 


H(s) = Hi(s)H»(s). (9.158) 


x(t) y(t) 





x(t) H,(s) H»(s) y(t) 


Figure 9.30 (a) Parallel intercon- 
nection of two LTI systems; (b) series 
(b) combination of two LTI systems. 


The utility of the Laplace transform in representing combinations of linear systems 
through algebraic operations extends to far more complex interconnections than the simple 
parallel and series combinations in Figure 9.30. To illustrate this, consider the feedback 
interconnection of two systems, as indicated in Figure 9.31. The design, applications, and 
analysis of such interconnections are treated in detail in Chapter 11. While analysis of the 
system in the time domain is not particularly simple, determining the overall system func- 
tion from input x(t) to output y(t) is a straightforward algebraic manipulation. Specifically, 
from Figure 9.31, 

Y(s) = Hi(s)E(s), (9.159) 
E(s) = X(s) — Z(s), (9.160) 
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x(t) y(t) 





Figure 9.31 Feedback interconnec- 
tion of two LTI systems. 


and 


Z(s) = Hx(s)Y(s), (9.161) 


from which we obtain the relation 


Y(s) = Hi(s)[X(s) — H2(s)Y(s)], (9.162) 
or 

Y(s) _ " Hi(s) 

Xs) H(s) = 1+ Hho’ (9.163) 


9.8.2 Block Diagram Representations for Causal LTI Systems 
Described by Differential Equations and Rational 
System Functions 


In Section 2.4.3, we illustrated the block diagram representation of an LTI system de- 
scribed by a first-order differential equation using the basic operations of addition, multi- 
plication by a coefficient, and integration. These same three operations can also be used 
to build block diagrams for higher order systems, and in this section we illustrate this in 
several examples. 


Example 9.28 
-| Consider the causal LTI system with system function 


1 


a= 5-3 








2 _ From Section 9.7.3, we know that this system can also be described by the differential 
|... equation 
dy(t) 


pw + 3y(t) = x(t), 






: together with the condition of initial rest. In Section 2.4.3 we constructed a block diagram 
_ representation, shown in Figure 2.32, for a first-order system such as this. An equiva- 
= lent block diagram (corresponding to Figure 2.32 with a = 3 and b = 1) is shown in 
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— > y(t) 








Figure 9.32 (а) Block diagram representation of the causal LTI system in 
Example 9.28; (b) equivalent block diagram representation. 


Figure 9.32(a). Here, 1/s is the system function of a system with impulse response u(t), 
i.e., it is the system function of an integrator. Also, the system function —3 in the feed- 
back path in Figure 9.32(a) corresponds to multiplication by the coefficient —3. The 
block diagram in the figure involves a feedback loop much as we considered in the pre- 
vious subsection and as pictured in Figure 9.31, the sole difference being that the two 
signals that are the inputs to the adder in Figure 9.32(a) are added, rather than sub- 
tracted as in Figure 9.31. However, as illustrated in Figure 9.32(b), by changing the sign 
of the coefficient in the multiplication in the feedback path, we obtain a block diagram 
representation of exactly the same form as Figure 9.31. Consequently, we can apply 
eq. (9.163) to verify that 








Example 9.29 
Consider now the causal LTI system with system function 


s+2 


He s+3 





1 
= (3 L je +2). (9.164) 


As suggested by eq. (9.164), this system сап be thought of as a cascade of a system 
with system function 1/(s + 3) followed by a system with system function s + 2, and 
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we have illustrated this in Figure 9.33(a), in which we have used the block diagram in 
Figure 9.32(a) to represent 1/(s + 3). 

It is also possible to obtain an alternative block diagram representation for the 
system in eq. (9.164). Using the linearity and differentiation properties of the Laplace 
transform, we know that y(t) and z(t) in Figure 9.33 (a) are related by 


_ 4ш) 


However, the input e(t) to the integrator is exactly the derivative of the output z(t), so 
that 


y(t) = e(t) + 2z(t), 


which leads directly to the alternative block diagram representation shown in Fig- 
ure 9.33(b). Note that the block diagram in Figure 9.33(a) requires the differentiation of 
z(t), since 


_ dz(t) 
y(t) = = n 2z(t) 


In contrast, the block diagram in Figure 9.33(b) does not involve the explicit differenti- 
ation of any signal. 


y(t) 


(b) 


Figure 9.33 (a) Block diagram representations for the system in Exam- 
ple 9.29; (b) equivalent block diagram representation. 
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——————————————————————————————————————————————————————————————————————————— 


Example 9.30 


. Consider next a causal second-order system with system function 






1 1 





НӨ) = Geet) 4342 oe 
The input x(t) and output у(ї) for this system satisfy the differential equation 
ау), ,dy(t) E 
ар. + dee + 2y(t) = x(t). (9.166) 


By employing similar ideas to those used in the preceding examples, we obtain the block 
diagram representation for this system shown in Figure 9.34(a). Specifically, since the 


y(t) 





Figure 9.34 Block diagram representations for the system in Exam- 
ple 9.30: (a) direct form; (b) cascade form; (c) parallel form. 
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input to an integrator is the derivative of the output of the integrator, the signals in the 
block diagram are related by 








_ dy(t) 
Р) = a 
_ df(t) — PXH 
a= d 
Also, eq. (9.166) can be rewritten as 
ауа) dy) _ 
de = TE 2y(t) + x(t), 


or 


e(t) = —3 f(t) — 2y(t) + x(t), 


which is exactly what is represented in Figure 9.34(a). 
The block diagram in this figure is sometimes referred to as a direct-form repre- 
sentation, since the coefficients appearing in the diagram can be directly identified with 


|... the coefficients appearing in the system function or, equivalently, the differential equa- 
|... tion. Other block diagram representations of practical importance also can be obtained 


after a modest amount of system function algebra. Specifically, H(s) in eq. (9.165) can 


be rewritten as 
1 1 
ENS = ( + Us + 5} 


which suggests that this system can be represented as the cascade of two first-order sys- 
tems. The cascade-form representation corresponding to H(s) is shown in Figure 9.34(b). 
Alternatively, by performing a partial-fraction expansion of H(s), we obtain 








1 1 


+1 5+2 








Н(5) = 


_ which leads to the parallel-form representation depicted in Figure 9.34(c). 


Example 9.31 
As a final example, consider the system function 
252 -4s— 6 


Once again, using system function algebra, we can write H (s) in several different forms, 
_ each of which suggests a block diagram representation. In particular, we can write 


1 


но = cie 


Je? + 4s — 6), 


which suggests the representation of H(s) as the cascade of the system depicted in Fig- 
ure 9.34(a) and the system with system function 2s? + 4s — 6. However, exactly as we 
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_ did in Example 9.29, we can extract the derivatives required for this second system by 

- “tapping” the signals appearing as the inputs to the integrators in the first system. The 

-~ details of this construction are examined in Problem 9.36, and the result is the direct- 

form block diagram shown in Figure 9.35. Once again, in the direct-form representation 

__ the coefficients appearing in the block diagram can be determined by inspection from 
... the coefficients in the system function in eq. (9.167). 











y(t) 
x(t) 
Figure 9.35  Direct-form representation for the system in Example 9.31. 
Alternatively, we can write Н (5) in the form 
[X5 — Ds +3 
6 8 
as I LIT (9.169) 





The first of these suggests a cascade-form representation, while the second leads to a 
___ parallel-form block diagram. These are also considered in Problem 9.36. 


The methods for constructing block diagram representations for causal LTI systems 
described by differential equations and rational system functions can be applied equally 
well to higher order systems. In addition, there is often considerable flexibility in how this 
is done. For example, by reversing the numerators in eq. (9.168), we can write 


5+3 \/2(5 — 1) 
H(s) = ; 
(s) Fes s+2 | 
which suggests a different cascade form. Also, as illustrated in Problem 9.38, a fourth- 
order system function can be written as the product of two second-order system functions, 
each of which can be represented in a number of ways (e.g., direct form, cascade, or par- 
allel), and it can also be written as the sum of lower order terms, each of which has sev- 


eral different representations. In this way, simple low-order systems can serve as building 
blocks for the implementation of more complex, higher order systems. 
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9.9 THE UNILATERAL LAPLACE TRANSFORM 


In the preceding sections of this chapter, we have dealt with what is commonly called 
the bilateral Laplace transform. In this section, we introduce and examine a somewhat 
different transform, the unilateral Laplace transform, which is of considerable value in 
analyzing causal systems and, particularly, systems specified by linear constant-coefficient 
differential equations with nonzero initial conditions (i.e., systems that are not initially at 
rest). 

The unilateral Laplace transform of a continuous-time signal x(t) is defined as 


© 


Xs) 2 | x(te~ dt, (9.170) 
* 


where the lower limit of integration, 07, signifies that we include in the interval of 
integration any impulses or higher order singularity functions concentrated at t = 0. 
Once again we adopt a convenient shorthand notation for a signal and its unilateral 
Laplace transform: 


x(t) «== X(s) = UL{ x()). (9.171) 


Comparing eqs. (9.170) and (9.3), we see that the difference in the definitions of 
the unilateral and bilateral Laplace transform lies in the lower limit on the integral. The 
bilateral transform depends on the entire signal from t = — tot =: +оо, whereas the uni- 
lateral transform depends only on the signal from t = 0- to х. Consequently, two signals 
that differ for t < 0, but that are identical for t = 0, will have different bilateral Laplace 
transforms, but identical unilateral transforms. Similarly, any signal that is identically zero 
for t < 0 has identical bilateral and unilateral transforms. 

Since the unilateral transform of x(t) is identical to the bilateral transform of the 
signal obtained from x(t) by setting its value to 0 for all г < 0, many of the insights, 
concepts, and results pertaining to bilateral transforms can be directly adapted to the 
unilateral case. For example, using Property 4 in Section 9.2 for right-sided signals, 
we see that the ROC for eq. (9.170) is always a right-half plane. The evaluation of 
the inverse unilateral Laplace transforms is also the same as for bilateral transforms, 
with the constraint that the ROC for a unilateral transform must always be a right-half 
plane. 


9.9.1 Examples of Unilateral Laplace Transforms 


To illustrate the unilateral Laplace transform, let us consider the following examples: 


Example 9.32 


.... Consider the signal 





po 
; e “u(t). (9.172) 


= "mri 
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Since x(t) = 0 for t < 0, the unilateral and bilateral transforms are identical. Thus, from 


Table 9.2, 
1 
(5) = Gta” Refs} > —a. (9.173) 
Example 9.33 
~ Consider next 
x(t) = e ***Pu(t + 1). (9.174) 


The bilateral transform X(s) for this example can be obtained from Example 9.1 and the 
time-shifting property (Section 9.5.2): 
e 


X(s) — E Refs} > —a. (9.175) 





By contrast, the unilateral transform is 
Xs) = | e Dat + le dt 
"S 


ы | отаона дү (9.176) 


7 (le(s) > —a. 





Thus, in this example, the unilateral and bilateral Laplace transforms are clearly dif- 
— ferent. In fact, we should recognize X(s) as the bilateral transform not of x(t), but of 
—— x(t)u(t), consistent with our earlier comment that the unilateral transform is the bilateral 
— transform of a signal whose values for t < 0^ have been set to zero. 





Example 9.34 
— Consider the signal 





x(t) = 6(t) + 2ui(t) + e'u(t). (9.177) 


Since x(t) = 0 for t < 0, and since singularities at the origin are included in the interval 
of integration, the unilateral transform for x(t) is the same as the bilateral transform. 
Specifically, using the fact (transform pair 15 in Table 9.2) that the bilateral transform 
of и„(ї) is s", we have 

1 s(2s — 1) 


Xs) m X(s) =1+2s+ NET = ЕЕЕ: Refs} >i (9.178) 





Example 9.35 





onsider the unilateral Laplace transform 


1 


айтте гре: 


(9.179) 
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| In Example 9.9, we considered the inverse transform for a bilateral Laplace transform of 
| the exact form as that in eq. (9.179) and for several ROCs. For the unilateral transform, 
... the ROC must be the right-half plane to the right of the rightmost pole of X(s); i.e., in 
this case, the ROC consists of all points s with Re{s} > —1. We can then invert this 
_ unilateral transform exactly as in Example 9.9 to obtain 











x(t) -[e'—-e]u(t) for t>0, (9.180) 






_ where we have emphasized the fact that unilateral Laplace transforms provide us with 
_ information about signals only for t > 07. 


Example 9.36 










Consider the unilateral transform 


52-3 
5+2 





X(s) = (9.181) 
_ Since the degree of the numerator of X(s) is not strictly less than the degree of the de- 
nominator, we expand X (s) as 


C 
X(s) = А + Bs + ETa (9.182) 


Equating eqs. (9.181) and (9.182), and clearing denominators, we obtain 
s? — 3 = (А + Bs)(s + 2) + C, (9.183) 


and equating coefficients for each power of s yields 


1 
Xis) = —2+5+ Ii (9.184) 


with an ROC of Re{s} > —2. Taking inverse transforms of each term results in 


x(t) = —28(t) + u(t) te u(t) for г> 07. (9.185) 


9.9.2 Properties of the Unilateral Laplace Transform 


As with the bilateral Laplace transform, the unilateral Laplace transform has a number of 
important properties, many of which are the same as their bilateral counterparts and sev- 
eral of which differ in significant ways. Table 9.3 summarizes these properties. Note that 
we have not included a column explicitly identifying the ROC for the unilateral Laplace 
transform for each signal, since the ROC of any unilateral Laplace transform is always a 
right-half plane. For example the ROC for a rational unilateral Laplace transform is always 
to the right of the rightmost pole. 

Contrasting Table 9.3 with Table 9.1 for the bilateral transform, we see that, with 
the caveat that ROCs for unilateral Laplace transforms are always right-half planes, the 
linearity, s-domain shifting, time-scaling, conjugation and differentiation in the s-domain 
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TABLE 9.3 PROPERTIES OF THE UNILATERAL LAPLACE TRANSFORM 


Property Signal Unilateral Laplace Transform 
Xs) 
Xs) 
X) 

Linearity axi(t) + bx2(t) aX (s) + b3Co(s) 





Shifting in the s-domain 9C(s — so) 
a ^a 


Convolution (assuming x(t) * хә(ї) SC (s) Co (s) 
that x;(r) and x(t) 
are identically zero for 
t<0) 

Differentiation in the time sX(s) — x(07) 
domain 


Differentiation in the —tx(t) S X(s) 
s-domain y 
А 1 
Integration in the time | x(t) dr = X(s) 
domain 9 x 


Initial- and Final-Value Theorems 
If x(t) contains no impulses or higher-order singularities at г = 0, then 
x(0*) = limsX(s) 


lim x(t) = lim s3C(s) 


properties are identical to their bilateral counterparts. Similarly, the initial- and final-value 
theorems stated in Section 9.5.10 also hold for unilateral Laplace transforms.’ The deriva- 
tion of each of these properties is identical to that of its bilateral counterpart. 

The convolution property for unilateral transforms also is quite similar to the corre- 
sponding property for bilateral transforms. This property states that if 


x,(t) = x(t)=0 forall t<0O, (9.186) 


*In fact, the initial- and final-value theorems are basically unilateral transform properties, as they apply 
only to signals x(t) that are identically 0 for t < 0. 


718 


Signals and Systems, Second Edition 





then 


x (0) # x(t) «=> 9C GYCa (s). (9.187) 


Equation (9.187) follows immediately from the bilateral convolution property, since, under 
the conditions of eq. (9.186), the unilateral and bilateral transforms are identical for each 
of the signals x, (t) and x»(t). Thus, the system analysis tools and system function algebra 
developed and used in this chapter apply without change to unilateral transforms, as long 
as we deal with causal LTI systems (for which the system function is both the bilateral 
and the unilateral transform of the impulse response) with inputs that are identically zero 
for t < 0. An example of this is the integration property in Table 9.3: If x(t) = 0 fort < 0, 
then 


t 
| х(т)ат = x(t) * u(t) — X(s\U(s) = 196) (9.188) 
le 


As a second case in point, consider the following example: 


Example 9.37 








Suppose a causal LTI system is described by the differential equation 


2 
te * 3250 + 2y(t) = x(t), (9.189) 





| together with the condition of initial rest. Using eq. (9.133), we find that the system 
_ function for this system is 


1 


HS) = сүзүү? 


(9.190) 


Let the input to this system be x(t) = au(t). In this case, the unilateral (and bilateral) 
Laplace transform of the output y(t) is 


-— P 
s(s + 1)(s + 2) 
a/2 а al2 


Ys) = H(s)X(s) = 





SS UT - 191 
5 sc * $4-2 PLI) 

- Applying Example 9.32 to each term of eq. (9.191) yields 
Уу) = а l5 -е' + ТЫ и(ї). (9.192) 


It is important to note that the convolution property for unilateral Laplace transforms 
applies only if the signals x(t) and x2(f) in eq. (9.187) are both zero for t < 0. That is, 
while we have seen that the bilateral Laplace transform of x, (t) * x2(t) always equals the 
product of the bilateral transforms of x; (t) and x»(t), the unilateral transform of x) (t)* x»(t) 
in general does not equal the product of the unilateral transforms if either x(t) or x2(t) is 
nonzero for t < 0. (See, for example, Problem 9.39). 
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A particularly important difference between the properties of the unilateral and bi- 
lateral transforms is the differentiation property. Consider a signal x(t) with unilateral 
Laplace transform X(s). Then, integrating by parts, we find that the unilateral transform 
of d x(t)/dt is given by 


“АЗ. s -st 
|, E e “dt = x(t)e 





S 
5 + sf x(the “dt (9.193) 


sX(s) — х(07). 


Similarly, a second application of this would yield the unilateral Laplace transform of 
d’x(t)/dt*, i.e., 


s?9C(s) — sx(07) — x'(0^), (9.194) 


where x'(0^) denotes the derivative of x(t) evaluated at t = 0^. Clearly, we can continue 
the procedure to obtain the unilateral transform of higher derivatives. 


9.9.3 Solving Differential Equations Using the Unilateral 
Laplace Transform 


A primary use of the unilateral Laplace transform is in obtaining the solution of linear 
constant-coefficient differential equations with nonzero initial conditions. We illustrate 
this in the following example: 


Example 9.38 


_ Consider the system characterized by the differential equation (9.189) with initial con- 





ditions 
yO") = B, у'(07) = y. (9.195) 
— Let x(t) = au(t). Then, applying the unilateral transform to both sides of eq. (9.189), 
we obtain 
PVs) — Bs — y + 3sU(s) — 3B + 2У(5) = (9.196) 
© or 
dig = PEt? y 5 (9.197) 


G-DG*2 (4DG*2 sot ier’ 





: where U(s) is the unilateral Laplace transform of y(t). 

Referring to Example 9.37 and, in particular, to eq. (9.191), we see that the last 
— term on the right-hand side of eq. (9.197) is precisely the unilateral Laplace transform 
__ of the response of the system when the initial conditions in eq. (9.195) are both zero 

— (B = y = 0). That is, the last term represents the response of the causal LTI system 
__ described by eq. (9.189) and the condition of initial rest. This response is often referred 
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to as the zero-state response—i.e., the response when the initial state (the set of initial 
conditions in eq. (9.195)) is zero. 

An analogous interpretation applies to the first two terms on the right-hand side of 
eq. (9.197). These terms represent the unilateral transform of the response of the system 
when the input is zero (о = 0). This response is commonly referred to as the zero- 
input response. Note that the zero-input response is a linear function of the values of 
the initial conditions (e.g., doubling the values of both B and y doubles the zero-input 
response). Furthermore, eq. (9.197) illustrates an important fact about the solution of 
linear constant-coefficient differential equations with nonzero initial conditions, namely, 
that the overall response is simply the superposition of the zero-state and the zero-input 
responses. The zero-state response is the response obtained by setting the initial condi- 
tions to zero—i.e., it is the response of an LTI system defined by the differential equa- 
tion and the condition of initial rest. The zero-input response is the response to the initial 
conditions with the input set to zero. Other examples illustrating this can be found in 
Problems 9.20, 9.40, and 9.66. 

Finally, for any values of a, B, and y, we can, of course, expand Y(s) in eq. (9.197) 
in a partial-fraction expansion and invert to obtain y(t). For example, ifa = 2, B = 3, 
and y = —5, then performing a partial-fraction expansion for eq. (9.197) we find that 








1 1 3 
+ == кан (9.198) 
Applying Example 9.32 to each term then yields 
y(t) = [1 — e" +3e™™]ult) for t> 0. (9.199) 


9.10 SUMMARY 


In this chapter, we have developed and studied the Laplace transform, which can be viewed 
as a generalization of the Fourier transform. It is particularly useful as an analytical tool in 
the analysis and study of LTI systems. Because of the properties of Laplace transforms, LTI 
systems, including those represented by linear constant-coefficient differential equations, 
can be characterized and analyzed in the transform domain by algebraic manipulations. In 
addition, system function algebra provides a convenient tool both for analyzing intercon- 
nections of LTI systems and for constructing block diagram representations of LTI systems 
described by differential equations. 

For signals and systems with rational Laplace transforms, the transform is often con- 
veniently represented in the complex plane (s-plane) by marking the locations of the poles 
and zeros and indicating the region of convergence. From the pole-zero plot, the Fourier 
transform can be geometrically obtained, within a scaling factor. Causality, stability, and 
other characteristics are also easily identified from knowledge of the pole locations and 
the region of convergence. 

In this chapter, we have been concerned primarily with the bilateral Laplace trans- 
form. However, we also introduced a somewhat different form of the Laplace transform 
known as the unilateral Laplace transform. The unilateral transform can be interpreted as 
the bilateral transform of a signal whose values prior to t = 0^ have been set to zero. 
This form of the Laplace transform is especially useful for analyzing systems described 
by linear constant-coefficient differential equations with nonzero initial conditions. 
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Chapter 9 Problems 


The first section of problems belongs to the basic category, and the answers are pro- 


vided in the back of the book. The remaining three sections contain problems belonging 
to the basic, advanced, and extension categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


9.1. 


9.2. 


9.3. 


9.4. 


9.5. 


For each of the following integrals, specify the values of the real parameter с which 
ensure that the integral converges: 


(a) еее de (b) [S ete ctm jon а, 
(c) [ e Sect Б ae (d) [2 ete“ (+ јо gy 
(e) [е-е qu (f) [9 ее (с+ jov dt 
Consider the signal 

x(t) = е "u(t — 1), 


and denote its Laplace transform by X(s). 

(a) Using eq. (9.3), evaluate X(s) and specify its region of convergence. 

(b) Determine the values of the finite numbers A and fo such that the Laplace trans- 
form G(s) of 


g(t) = Ае u(-t — to) 
has the same algebraic form as X(s). What is the region of convergence corre- 
sponding to G(s)? 
Consider the signal 
x(t) = e “u(t) + e P'u(), 
and denote its Laplace transform by X(s). What are the constraints placed on the 
real and imaginary parts of £ if the region of convergence of X(s) is Re{s} > —3? 
For the Laplace transform of 
tig < 
#6 = жа — 
indicate the location of its poles and its region of convergence. 


For each of the following algebraic expressions for the Laplace transform of a signal, 
determine the number of zeros located in the finite s-plane and the number of zeros 
located at infinity: 

1 1 








(a) gel urs 
+1 

O 5— 
PN 

(c) 5 1 
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9.7. 


9.8. 


9.9. 


9.10. 


9.11. 


9.12. 
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An absolutely integrable signal x(t) is known to have a pole at s = 2. Answer the 
following questions: 

(a) Could x(t) be of finite duration? 

(b) Could x(t) be left sided? 

(c) Could x(t) be right sided? 

(d) Could x(t) be two sided? 


How many signals have a Laplace transform that may be expressed as 
(s — 1) 
(з + 2)(5 + 3)(52 +5 + 1) 
in its region of convergence? 
Let x(t) be a signal that has a rational Laplace transform with exactly two poles, 


located ats = —1 ands = —3. If g(t) = e?'x(t) and G( jw) [the Fourier transform 
of g(t)] converges, determine whether x(t) is left sided, right sided, or two sided. 


Given that 


e “u(t) Piet Е Refs} > Re{—a}, 


determine the inverse Laplace transform of 
2(s + 2) 

52 + 75 +12’ 

Using geometric evaluation of the magnitude of the Fourier transform from the cor- 

responding pole-zero plot, determine, for each of the following Laplace transforms, 


whether the magnitude of the corresponding Fourier transform is approximately 
lowpass, highpass, or bandpass: 


X(s) = (le(s) > —3. 


1 
(a) Hi(s) — Gr Ie 3 Re{s} > —1 
5 
(b Н) = ;——- els} > -i 
52 
(с) Нз(ѕ) = 1 Refs} > -1 


Use geometric evaluation from the pole-zero plot to determine the magnitude of the 
Fourier transform of the signal whose Laplace transform is specified as 


2 
tin 5+1 4 


Ят т "eer 


Suppose we are given the following three facts about the signal x(t): 

1. x(t) = Ofort < 0. 

2. x(k/80) = 0 for k = 1, 2, 3,.... 

3. 1/160) 2 4779, 

Let X(s) denote the Laplace transform of x(t), and determine which of the following 
statements is consistent with the given information about x(t): 

(a) X(s) has only one pole in the finite s-plane. 

(b) X(s) has only two poles in the finite s-plane. 

(c) X(s) has more than two poles in the finite s-plane. 


9.13. 


9.14. 


9.15. 


9.16. 


9.17. 


Chapter 9 The Laplace Transform 723 


Let 
g(t) = x(t) + ax(—t), 
where 
x(t) = Be ‘u(t) 


and the Laplace transform of g(t) is 





00) = gp -1< Refs} <1. 


Determine the values of the constants o and f. 

Suppose the following facts are given about the signal x(t) with Laplace transform 
X(s): 

l. x(t) is real and even. 

2. X(s) has four poles and no zeros in the finite s-plane. 

3. X(s) has a pole at s = (1/2)e/7^*. 

4. [2 x(t)dt = 4. 

Determine X(s) and its ROC. 

Consider two right-sided signals x(t) and y(t) related through the differential equa- 
tions 


dx(t) 
dt 





= —2y(t) + ô(t) 


and 


dy(t) 


di = 2x 


Determine Y(s) and X(s), along with their regions of convergence. 


A causal LTI system S with impulse response A(t) has its input x(t) and output y(t) 
related through a linear constant-coefficient differential equation of the form 


d*y(t) 
dt? 


a +120 + а?у@) = x(t). 








(a) If 


60 = ŽO + y, 


how many poles does G(s) have? 
(b) For what real values of the parameter а is 5 guaranteed to be stable? 
A causal LTI system S has the block diagram representation shown in Figure P9.17. 
Determine a differential equation relating the input x(t) to the output y(t) of this 
system. 
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x(t) 


9.18. 


9.19. 


9.20. 





y(t) 


Figure P9.17 


Consider the causal LTI system represented by the RLC circuit examined in Prob- 

lem 3.20. 

(a) Determine H(s) and specify its region of convergence. Your answer should be 
consistent with the fact that the system is causal and stable. 

(b) Using the pole-zero plot of H(s) and geometric evaluation of the magnitude of 
the Fourier transform, determine whether the magnitude of the corresponding 
Fourier transform has an approximately lowpass, highpass, or bandpass char- 
acteristic. 

(с) If the value of R is now changed to 107? О, determine H(s) and specify its 
region of convergence. 

(d) Using the pole-zero plot of Н (s) obtained in part (c) and geometric evaluation 
of the magnitude of the Fourier transform, determine whether the magnitude of 
the corresponding Fourier transform has an approximately lowpass, highpass, 
or bandpass characteristic. 

Determine the unilateral Laplace transform of each of the following signals, and 

specify the corresponding regions of convergence: 

(a) x(t) = e^?'u(t + 1) 

(b) x(t) = 6(t+ 1) + 6(0 + e 29 u(t + 1) 

(c) x(t) = e u(t) + eult) 

Consider the RL circuit of Problem 3.19. 

(a) Determine the zero-state response of this circuit when the input current is 
x(t) = e u(t). 

(b) Determine the zero-input response of the circuit for t > 07, given that 


y0)-21 


(c) Determine the output of the circuit when the input current is x(t) = e ?'u(f) 
and the initial condition is the same as the one specified in part (b). 


BASIC PROBLEMS 


9.21. 


Determine the Laplace transform and the associated region of convergence and pole- 
zero plot for each of the following functions of time: 

(a) x(t) = e ?'u(t) + e u(t) (b) x(t) = e *u(r) + e? (sin 5t)u(t) 

(c) x(t) = eult) + e'u(-t) (0) x(t) = te ?ll 


9.22. 


9.23. 
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(e) x(t) = |rje ?"! (f) x(t) = ||е”и(—1) 

_ Gere] _|t 0=т =] 
(g) ха) = E elsewhere h) ж0 = | Doy qms 
(i) x(t) = 6(t) + u(t) () x(t) = 6(3t) + u(3t) 


Determine the function of time, x(t), for each of the following Laplace transforms 
and their associated regions of convergence: 








(a) E Refs} > 0 

(b x (5) <0 
Qaim — 0495-1 

uD ihm -4 < Refs} < —3 
@) si 3 < Res} < -2 
DEF, Refs}>! 

(p 25, Refs} > -1 


For each of the following statements about x(t), and for each of the four pole-zero 
plots in Figure P9.23, determine the corresponding constraint on the ROC: 

1. x(t)e~* is absolutely integrable. 

2. x(t) * (е ‘u(t)) is absolutely integrable. 

3. x(t) = 0, t^ 1. 

4. x(t) = 0, t « —1. 


Figure P9.23 
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9.24. Throughout this problem, we will consider the region of convergence of the Laplace 

transforms always to include the jw-axis. 

(a) Consider a signal x(t) with Fourier transform X(jw) and Laplace transform 
X(s) = s + 1/2. Draw the pole-zero plot for X(s). Also, draw the vector whose 
length represents |X(jw)| and whose angle with respect to the real axis repre- 
sents <X(jw) for a given w. 

(b) By examining the pole-zero plot and vector diagram in part (a), determine a 
different Laplace transform Х (5) corresponding to the function of time, х (1), 
so that 


IXiGo)| = |Х(јо), 
but 
xilt) Æ x(t). 


Show the pole-zero plot and associated vectors that represent X; (jæ). 

(c) For your answer in part (b), determine, again by examining the related vector 
diagrams, the relationship between <X(jw) and XX (jæ). 

(d) Determine a Laplace transform X2(s) such that 


XX)(jo) = LX(jw), 


but x2(f) is not proportional to x(t). Show the pole-zero plot for X2(s) and the 
associated vectors that represent X»( jo). 

(e) For your answer in part (d), determine the relationship between |X;( jw)| and 
IX jo). 

(f) Consider a signal x(t) with Laplace transform X(s) for which the pole-zero plot 
is shown in Figure P9.24. Determine X,(s) such that |X(jw)| = |X;(j«)| and 
all poles and zeros of X,(s) are in the left-half of the s-plane [i.e., Re{s} < 0]. 
Also, determine X5(s) such that £X(jw) = XX»;(jo) and all poles and zeros 
of X2(s) are in the left-half of the s-plane. 


Im 


1 Re 


Figure P9.24 


9.25. By considering the geometric determination of the Fourier transform, as developed 
in Section 9.4, sketch, for each of the pole-zero plots in Figure P9.25, the magnitude 
of the associated Fourier transform. 
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Im Im 
OT jo Хт ioo 
———X 
Re Re 
o —jWo x - —jWo 
(a) (b) 
Im $m 
—X ———X—X 
Re —b —a a b Re 
(c) (d) 
Im Im 





(t) 


Figure P9.25 


9.26. Consider a signal y(t) which is related to two signals x,(t) and x(t) by 
y(t) = x(t — 2) * xo(7t + 3) 
where 
x(t) = e u(t) and x(t) = e u(t). 
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А 


9.27. 


9.28. 


9.29. 


9.30. 


Given that 


£ 1 
e "ult) < Ed Refs} > а, 
sta 


use properties of the Laplace transform to determine the Laplace transform Y(s) of 
y(t). 

We are given the following five facts about a real signal x(t) with Laplace transform 
X(s): 

1. X(s) has exactly two poles. 

2. X(s) has no zeros in the finite s-plane. 

3. X(s) has a pole ats = —1 + j. 

4. е?! x(t) is not absolutely integrable. 

5. X(0) = 8. 

Determine X(s) and specify its region of convergence. 

Consider an LTI system for which the system function H(s) has the pole-zero pattern 
shown in Figure P9.28. 


Im 


—x— x x— o 
-2 = +1 +2 Re 


Figure P9.28 


(a) Indicate all possible ROCs that can be associated with this pole-zero pattern. 
(b) For each ROC identified in part (a), specify whether the associated system is 
stable and/or causal. 
Consider an LTI system with input x(t) = e ‘u(t) and impulse response A(t) = 
e u(t). 
(a) Determine the Laplace transforms of x(t) and A(t). 
(b) Using the convolution property, determine the Laplace transform Y(s) of the 
output y(t). 
(c) From the Laplace transform of y(t) as obtained in part (b), determine y(t). 
(d) Verify your result in part (с) by explicitly convolving x(t) and h(t). 
A pressure gauge that can be modeled as an LTI system has a time response to a 
unit step input given by (1 — e ‘ — te ")u(t). For a certain input x(t), the output is 
observed to be (2 — 3e^' + e *)u(t). 
For this observed measurement, determine the true pressure input to the gauge 
as a function of time. 


9.31. 


9.32. 


9.33. 


9.34. 


9.35. 
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Consider a continuous-time LTI system for which the input x(t) and output y(t) are 
related by the differential equation 


dyt) _ dy(t) 


ар. a e 2y(t) = x(t). 





Let X(s) and Y(s) denote Laplace transforms of x(t) and y(t), respectively, and let 
H(s) denote the Laplace transform of h(t), the system impulse response. 
(a) Determine H(s) as a ratio of two polynomials in s. Sketch the pole-zero pattern 
of H(s). 
(b) Determine h(t) for each of the following cases: 
]. The system is stable. 
2. The system is causal. 
3. The system is neither stable nor causal. 


A causal LTI system with impulse response h(t) has the following properties: 

1. When the input to the system is x(t) = e” for all г, the output is y(t) = (1/6)e? 
for all t. 

2. The impulse response h(t) satisfies the differential equation 


сз + 2h(r) = (e u(t) + butt), 


where Р is an unknown constant. 
Determine the system function H(s) of the system, consistent with the information 
above. There should be no unknown constants in your answer; that is, the constant 
b should not appear in the answer. 


The system function of a causal LTI system is 
5+1 
BO 52 + 25 + 2 


Determine and sketch the response y(t) when the input is 


x(t) = e Hl, =œ < f < о, 


Suppose we are given the following information about a causal and stable LTI sys- 
tem 5 with impulse response h(t) and a rational system function H (s): 

1. H(1) = 0.2. 

2. When the input is u(t), the output is absolutely integrable. 

3. When the input is tu(t), the output is not absolutely integrable. 

4. The signal d*h(t)/dt? + 2dh(t)/dt + 2h(t) is of finite duration. 

5. H(s) has exactly one zero at infinity. 

Determine H(s) and its region of convergence. 


The input x(t) and output y(t) of a causal LTI system are related through the block- 
diagram representation shown in Figure P9.35. 

(a) Determine a differential equation relating y(t) and x(t). 

(b) Is this system stable? 


730 





Signals and Systems, Second Edition 


Figure P9.35 


9.36. In this problem, we consider the construction of various types of block diagram 


representations for a causal LTI system 5 with input x(t), output y(t), and system 
function 


To derive the direct-form block diagram representation of S, we first consider a 
causal LTI system S; that has the same input x(t) as S, but whose system function 
is 


1 


Hed = s24+354+2 


With the output of 5; denoted by у! (7), the direct-form block diagram representation 

of Sı is shown in Figure P9.36. The signals e(t) and f(t) indicated in the figure 

represent respective inputs into the two integrators. 

(a) Express y(t) (the output of 5) as a linear combination of y;(t), dy,(t)/dt, and 
d?y,(t)/dt?. | 

(b) How is dyı(t)/dt related to f(t)? 

(c) How is d? y; (t/d?? related to e(t)? 

(d) Express y(t) as a linear combination of e(t), f (t), and y, (2). 


y«(t) 





Figure P9.36 


9.37. 


9.38. 


9.39. 


9.40. 
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(e) Use the result from the previous part to extend the direct-form block diagram 
representation of Sı and create a block diagram representation of S. 


(f) Observing that 
_ (Xs - D Ms +3 
но = ( s+2 [кєз 


draw a block diagram representation for $ as a cascade combination of two 
subsystems. 
(g) Observing that 








draw a block-diagram representation for 5 as a parallel combination of three 
subsystems. 


Draw a direct-form representation for the causal LTI systems with the following 
system functions: 


(a) His) = z$ b) Hi) = ZG © Н) = Gp 
Consider a fourth-order causal LTI system S whose system function is specified as 


1 


Hi) = 2 —313 29 33 0E) 


(a) Show that a block diagram representation for S consisting of a cascade of 
four first-order sections will contain multiplications by coefficients that are not 
purely real. 

(b) Draw a block diagram representation for 5 as a cascade interconnection of two 
second-order systems, each of which is represented in direct form. There should 
be no multiplications by nonreal coefficients in the resulting block diagram. 

(c) Draw a block diagram representation for 5 as a parallel interconnection of two 
second-order systems, each of which is represented in direct form. There should 
be no multiplications by nonreal coefficients in the resulting block diagram. 


Let 
x(t) =e u(t) and x(t) = e ?**Pyu(r + 1). 


(a) Determine the unilateral Laplace transform %j(s) and the bilateral Laplace 
transform X; (s) for the signal х1(2). 

(b) Determine the unilateral Laplace transform 9С›(5) and the bilateral Laplace 
transform X»(s) for the signal x(t). 

(c) Take the inverse bilateral Laplace transform of the product X; (s)X»(s) to deter- 
mine the signal g(t) = xı(f) * x(t). 

(d) Show that the inverse unilateral Laplace transform of the product 9С (s)9Co (s) 
is not the same as g(t) fort > 07. 


Consider the system $ characterized by the differential equation 


d? y(t d? y(t dy(t 
2 +6 2 Ф T + 6y(t) = x(t). 
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(a) Determine the zero-state response of this system for the input x(t) = e u(t). 
(b) Determine the zero-input response of the system for t > 07, given that 


d^ 


d: d? 
1=0 = 


с dy(t) 
y0)21 ue 


(c) Determine the output of S when the input is x(t) = e ^"'u(r) and the initial con- 
ditions are the same as those specified in part (b). 


ADVANCED PROBLEMS 


9.41. (a) Show that, if x(t) is an even function, so that x(t) = x(—1), then X(s) = Х(— 5). 
(b) Show that, if x(t) is an odd function, so that x(t) = —x(—t), then X(s) = 
—Х(—5). 
(c) Determine which, if any, of the pole-zero plots in Figure P9.41 could correspond 
to an even function of time. For those that could, indicate the required ROC. 





Im Im 
=X x ——Q———3xX———0————— 
=й 1 Re = 1 Re 
(a) (b) 
Im $m 





(c) (d) 


Figure P9.41 


9.42. 


9.43 


D 


9.44. 


9.45. 
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Determine whether each of the following statements is true or false. If a statement 
is true, construct a convincing argument for it. If it is false, give a counterexample. 
(а) The Laplace transform of t?u(t) does not converge anywhere on the s-plane. 
(b) The Laplace transform of e" u(t) does not converge anywhere on the s-plane. 
(c) The Laplace transform of e/^»' does not converge anywhere on the s-plane. 
(d) The Laplace transform of e/^"' u(t) does not converge anywhere on the s-plane. 
(e) The Laplace transform of |t| does not converge anywhere on the s-plane. 


Let h(t) be the impulse response of a causal and stable LTI system with a rational 

system function. 

(a) 15 the system with impulse response dh(t)/dt guaranteed to be causal and stable? 

(b) Is the system with impulse response |‘, h(7) dr guaranteed to be causal and 
unstable? 


Let x(t) be the sampled signal specified as 


x(t) = Уе" Slt- nT), 
n-0 
where T > 0. 
(a) Determine X(s), including its region of convergence. 
(b) Sketch the pole-zero plot for X(s). 
(c) Use geometric interpretation of the pole-zero plot to argue that X( jc) is peri- 
odic. 


Consider the LTI system shown in Figure P9.45(a) for which we are given the fol- 
lowing information: 





and 
y(t) = — $e un) 4 ieu. [See Figure P9.45(b).] 


(a) Determine H(s) and its region of convergence. 
(b) Determine h(t). 


y(t) 





h 
x(t Us y) 


(a) (b) 


Figure P9.45 
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9.47. 


9.48. 
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(c) Using the system function H(s) found in part (a), determine the output y(t) if 
the input is 
x(t) = e, =æ < f < +o, 


Let H(s) represent the system function for a causal, stable system. The input to 
the system consists of the sum of three terms, one of which is an impulse б(т) and 
another a complex exponential of the form e*', where so is a complex constant. The 
output is 


4 18 
= е дї Eu ү 29 OM on 
y(t) 6e ‘u(t) + 34° cos 3t + 34* sin 3t + ó(t). 
Determine Н (s), consistently with this information. 
The signal 


y(t) = e *u(t) 
is the output of а causal all-pass system for which the system function is 
s=] 
+1 


(a) Find and sketch at least two possible inputs x(t) that could produce y(t). 
(b) What is the input x(t) if it is known that 





H(s) = 


© 


| |x(t)|dt < o? 


(c) What is the input x(t) if it is known that a stable (but not necessarily causal) 
system exists that will have x(t) as an output if y(t) is the input? Find the im- 
pulse response A(t) of this filter, and show by direct convolution that it has the 
property claimed [i.e., that y(t) * h(t) = x(t)]. 

The inverse of an LTI system H(s) is defined as a system that, when cascaded with 

H (s), results in an overall transfer function of unity or, equivalently, an overall im- 

pulse response that is an impulse. 

(a) If Н (5) denotes the transfer function of an inverse system for H(s), determine 
the general algebraic relationship between H(s) and Hj (5). 

(b) Shown in Figure P9.48 is the pole-zero plot for a stable, causal system H(s). 
Determine the pole-zero plot for the associated inverse system. 


Im 


—4 1 йе 


Figure P9.48 


9.49. 


9.50. 


9.51. 


9.52. 


9,53. 
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A class of systems, referred to as minimum-delay or minimum-phase systems, is 
sometimes defined through the statement that these systems are causal and stable 
and that the inverse systems are also causal and stable. 

Based on the preceding definition, develop an argument to demonstrate that 
all poles and zeros of the transfer function of a minimum-delay system must be in 
the left half of the s-plane [i.e., Re{s} < 0]. 

Determine whether or not each of the following statements about LTI systems is 

true. If a statement is true, construct a convincing argument for it. If it is false, give 

a counterexample. 

(a) A stable continuous-time system must have all its poles in the left half of the 
s-plane [i.e., Re{s} < 0]. 

(b) If a system function has more poles than zeros, and the system is causal, the 
step response will be continuous at t = 0. 

(c) If a system function has more poles than zeros, and the system is not restricted 
to be causal, the step response can be discontinuous at i = 0. 

(d) A stable, causal system must have all its poles and zeros in the left half of the 
s-plane. 


Consider a stable and causal system with a real impulse response h(t) and system 

function H(s). It is known that H(s) is rational, one of its poles is at —1 + j, one 

of its zeros is at 3 + j, and it has exactly two zeros at infinity. For each of the 

following statements, determine whether it is true, whether it is false, or whether 

there is insufficient information to determine the statement’s truth. 

(a) h(t)e~* is absolutely integrable. 

(b) The ROC for H(s) is Re{s} > — 1. 

(c) The differential equation relating inputs x(t) and outputs y(t) for 5 may be writ- 
‘ten in a form having only real coefficients. 

(d) lim, ...H(s) = 1. 

(e) H(s) does not have fewer than four poles. 

(f) H(jw) = О for at least one finite value of w. 

(g) If the input to 5 is e* sint, the output is e* cos t. 

As indicated in Section 9.5, many of the properties of the Laplace transform and 

their derivation are analogous to corresponding properties of the Fourier transform 

and their derivation, as developed in Chapter 4. In this problem, you are asked to 

outline the derivation of a number of the Laplace transform properties. 

Observing the derivation for the corresponding property in Chapter 4 for the 
Fourier transform, derive each of the following Laplace transform properties. Your 
derivation must include a consideration of the region of convergence. 

(a) Time shifting (Section 9.5.2) 

(b) Shifting in the s-domain (Section 9.5.3) 
(c) Time scaling (Section 9.5.4) 

(d) Convolution property (Section 9.5.6) 


As presented in Section 9.5.10, the initial-value theorem states that, for a signal x(t) 
with Laplace transform X(s) and for which x(t) = 0 for t < 0, the initial value of 
x(t) [i.e., x(0*)] can be obtained from X(s) through the relation 


x(0*) = lim sX(s). [eq. (9.110)] 
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First, we note that, since x(t) = 0 for t < 0, x(t) = x(r)u(t). Next, expanding x(t) 
as a Taylor series at = 0*, we obtain 


n 


x(t) = |x(0*) + xP (0+)t ++ + x (97) M +-+- (u(t), (Р9.53—1) 


where x'”” (0*) denotes the nth derivative of x(t) evaluated агг = 0+. 

(a) Determine the Laplace transform of an arbitrary term x" (0* ) (1"/n!)u(r) on the 
right-hand side of eq. (P9.53-1). (You may find it helpful to review Example 
9.14.) 

(b) From your result in part (a) and the expansion in eq. (P9.53-1), show that X(s) 
can be expressed as 


1 


gn 





X(s) - bus 


n=0 


(c) Demonstrate that eq. (9.110) follows from the result of part (b). 

(d) By first determining x(t), verify the initial-value theorem for each of the fol- 
lowing examples: 
(D X(s) = 4 


5-2 


(2) X@)= —! 


(s+2)(s+3) 
(e) A more general form of the initial-value theorem states that if x (0*) = 0 for 
n < N, then x) (0*) = lim, s" *! X(s). Demonstrate that this more general 
statement also follows from the result in part (b). 


9.54. Consider a real-valued signal x(t) with Laplace transform X(s). 
(a) By applying complex conjugation to both sides of eq. (9.56), show that X(s) = 
X" (S y. 
(b) From your result in (a), show that if X(s) has a pole (zero) at s — so, it must 
also have a pole (zero) at s = so; i.e., for x(t) real, the poles and zeros of X(s) 
that are not on the real axis must occur in complex conjugate pairs. 


9,55. In Section 9.6, Table 9.2, we listed a number of Laplace transform pairs, and we 
indicated specifically how transform pairs 1 through 9 follow from Examples 9.1 
and 9.14, together with various properties from Table 9.1. 
By exploiting properties from Table 9.1, show how transform pairs 10 through 
16 follow from transform pairs 1 through 9 in Table 9.2. 


9.56. The Laplace transform is said to exist for a specific complex s if the magnitude of 
the transform is finite— that is, if |X(s)| < oc. 
Show that a sufficient condition for the existence of the transform X(s) at s — 
50 = Go + jog is that 


+= 
| (|е dr < oc. 


—= 


9.57. 


9.58. 


9.59. 
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In other words, show that x(t) exponentially weighted by e77% is absolutely inte- 
grable. You will need to use the result that, for a complex function f(t), 


b b 
| ға s | РО) dt. (Р9.56—1) 





Without rigorously proving eq. (Р9.56—1), argue its plausibility. 

The Laplace transform X(s) of a signal x(t) has four poles and an unknown number 
of zeros. The signal x(t) is known to have an impulse at = 0. Determine what 
information, if any, this provides about the number of zeros and their locations. 


Let A(t) be the impulse response of a causal and stable LTI system with rational 
system function H(s). Show that g(t) = Gle(h(r)) is also the impulse response of a 
causal and stable system. 

If X(s) denotes the unilateral Laplace transform of x(t), determine, in terms of X(s), 
the unilateral Laplace transform of: 

(a) x(t — 1) (b) x(t+ 1) 


(с) /хҗтат (ау V 


EXTENSION PROBLEMS 


9.60. 


In long-distance telephone communication, an echo is sometimes encountered due 
to the transmitted signal being reflected at the receiver, sent back down the line, re- 
flected again at the transmitter, and returned to the receiver. The impulse response 
for a system that models this effect is shown in Figure P9.60, where we have as- 
sumed that only one echo is received. The parameter T corresponds to the one-way 
travel time along the communication channel, and the parameter o represents the 
attenuation in amplitude between transmitter and receiver. 


h(t) 


0 ip 3T t Figure P9.60 


(a) Determine the system function H(s) and associated region of convergence for 
the system. 

(b) From your result in part (a), you should observe that H (s) does not consist of a 
ratio of polynomials. Nevertheless, it is useful to represent it in terms of poles 
and zeros, where, as usual, the zeros are the values of s for which H(s) = 0 
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and the poles are the values of s for which 1/H(s) = 0. For the system function 
found in part (a), determine the zeros and demonstrate that there are no poles. 
(c) From your result in part (b), sketch the pole-zero plot for H(s). 
(d) By considering the appropriate vectors in the s-plane, sketch the magnitude of 
the frequency response of the system. 


The autocorrelation function of a signal x(t) is defined as 


© 


фхх(т) = [| x(t)x(t + 7) dt. 


(a) Determine, in terms of x(t), the impulse response h(t) of an LTI system for 
which, when the input is x(t), the output is ф, (7) [Figure P9.61(a)]. 

(b) From your answer in part (a), determine Ф ‚ (s), the Laplace transform of $,,(7) 
in terms of X(s). Also, express ®,,(jw), the Fourier transform of ф,„(т), in 
terms of X( jo). 

(c) If X(s) has the pole-zero pattern and ROC shown in Figure P9.61(b), sketch the 
pole-zero pattern and indicate the ROC for Ф (s). 





-3 -2 –3 Re 
x(t) h(t) $ (t) | 
| 


(а) 


Figure P9.61 


In a number of applications in signal design and analysis, the class of signals 


Ф.(0) = e 7 L,(t)u(t), п = 0, 1, 2,..., (P9.62-1) 
where 
> E MT „ж. 
L,(t) = aids e ^) (P9.62-2) 


is encountered. 

(a) The functions L, (t) are referred to as Laguerre polynomials. To verify that they 
in fact have the form of polynomials, determine Lo(t), Lı (t), and Lp(t) explicitly. 

(b) Using the properties of the Laplace transform in Table 9.1 and Laplace trans- 
form pairs in Table 9.2, determine the Laplace transform ®,,(s) of ¢,(t). 

(c) The set of signals $,(t) can be generated by exciting a network of the form in 
Figure P9.62 with an impulse. From your result in part (b), determine Н|(з) 
and H»(s) so that the impulse responses along the cascade chain are the signals 
¢,(t) as indicated. 
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polt) Ф100) alt) $t -.-.. 
Figure P9.62 


9.63. In filter design, it is often possible and convenient to transform a lowpass filter to 
a highpass filter and vice versa. With H(s) denoting the transfer function of the 
original filter and G(s) that of the transformed filter, one such commonly used trans- 
formation consists of replacing s by 1/s; that is, 


G(s) = at) 
5 


(a) For H(s) = 1s + 1/2), sketch |H( jo)| and |G( јо). 

(b) Determine the linear constant-coefficient differential equation associated with 
H(s) and with G(s). 

(c) Now consider a more general case in which H(s) is the transfer function asso- 
ciated with the linear constant-coefficient differential equation in the general 
form 








N Ж, N k 
Ry oc ad (P9.63-1) 
dt k=0 


Without any loss of generality, we have assumed that the number of derivatives 
N is the same on both sides of the equation, although in any particular case, 
some of the coefficients may be zero. Determine H(s) and G(s). 

(d) From your result in part (c), determine, in terms of the coefficients in 
eq. (P9.63-1), the linear constant-coefficient differential equation associated 
with G(s). 

9,64. Consider the RLC circuit shown in Figure 9.27 with input x(t) and output y(t). 

(a) Show that if R, L, and C are all positive, then this LTI system is stable. 

(b) How should R, L, and C be related to each other so that the system represents a 
second-order Butterworth filter? 


9.65. (a) Determine the differential equation relating v;(t) and vo(t) for the RLC circuit 
of Figure P9.65. 





%0(0+) = 1 
dvo(t) -2 
dt lt=0+ Figure P9.65 
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(b) Suppose that v;(t) = e ?'u(t). Using the unilateral Laplace transform, deter- 
mine v,(t) for t > 0. 
9.66. Consider the RL circuit shown in Figure P9.66. Assume that the current i(r) has 
reached a steady state with the switch at position A. At time г = 0, the switch is 
moved from position A to position В. 





Figure P9.66 


(a) Find the differential equation relating i(t) and v2 for t > 07. Specify the initial 
condition (i.e., the value of i(0 ^ )) for this differential equation in terms of vı. 
(b) Using the properties of the unilateral Laplace transform in Table 9.3, determine 
and plot the current i(t) for each of the following values of v; and vo: 
G) vw 20V,v -2V 
(11) тү = 4 V, v5 = OV 
(iii) y= 4 V, y= 2V 
Using your answers for (i), (ii), and (iii), argue that the current i(t) may be 
expressed as a sum of the circuit’s zero-state response and zero-input response. 


10 


'THE Z-TRANSFORM 





10.0 INTRODUCTION 


In Chapter 9, we developed the Laplace transform as an extension of the continuous-time 
Fourier transform. This extension was motivated in part by the fact that it can be applied 
to a broader class of signals than the Fourier transform can, since there are many sig- 
nals for which the Fourier transform does not converge but the Laplace transform does. 
The Laplace transform allowed us, for example, to perform transform analysis of unstable 
systems and to develop additional insights and tools for LTI system analysis. 

In this chapter, we use the same approach for discrete time as we develop the z- 
transform, which is the discrete-time counterpart of the Laplace transform. As we will 
see, the motivations for and properties of the z-transform closely parallel those of the 
Laplace transform. Just as with the relationship between continuous-time and discrete- 
time Fourier transforms, however, we will encounter some important distinctions between 
the z-transform and the Laplace transform that arise from the fundamental differences 
between continuous-time and discrete-time signals and systems. 


10.1 THE z-TRANSFORM 


As we saw in Section 3.2, for a discrete-time linear time-invariant system with impulse 
response [п], the response y[n] of the system to a complex exponential input of the form 
g" 1s 


y[n] = H(z)z", (10.1) 
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where 


H(z) = >> Мп". (10.2) 


п=—® 


For z = e/” with о real (i.e., with |z| = 1), the summation in eq. (10.2) corresponds to 
the discrete-time Fourier transform of A[n]. More generally, when |z| is not restricted to 
unity, the summation is referred to as the z-transform of h[n]. 

The z-transform of a general discrete-time signal x[n] is defined as! 





+20 


X(z) A 2, x[n]z ^, (10.3) 


п= —% 





where 2 is a complex variable. For convenience, the z-transform of x[n] will sometimes 
be denoted as Z{x[n]} and the relationship between x[n] and its z-transform indicated as 


aln] 4-4 жй. (10.4) 


In Chapter 9, we considered a number of important relationships between the 
Laplace transform and the Fourier transform for continuous-time signals. In a similar, but 
not identical, way, there are a number of important relationships between the z-transform 
and the discrete-time Fourier transform. To explore these relationships, we express the 
complex variable z in polar form as 


2 = re, (10.5) 


with r as the magnitude of z and о as the angle of z. In terms of r and о, eq. (10.3) becomes _ 


To 


X(re/") = > х[п](ге?® у", 


n=—% 


or equivalently, 


X(re/") = > {x[n]r-"}e е". (10.6) 


n= —20 


From eq. (10.6), we see that X(re/”) is the Fourier transform of the sequence x[n] 
multiplied by a real exponential к”; that is, 


X(re/*) = S(x[n]r "|. (10.7) 


The exponential weighting r " may be decaying or growing with increasing n, depending 
on whether r is greater than or less than unity. We note in particular that, for r = 1, or 


'The z-transform defined in eq. (10.3) is often referred to as the bilateral z-transform, to distinguish 
it from the unilateral z-transform, which we develop in Section 10.9. The bilateral z-transform involves a 
summation from — to +, while the unilateral transform has a form similar to eq. (10.3), but with summation 
limits from 0 to +2, Since we are mostly concerned with the bilateral z-transform, we will refer to X(z) as 
defined in eq. (10.3) simply as the z-transform, except in Section 10.9, in which we use the words "unilateral" 
and “bilateral” to avoid ambiguity. 
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equivalently, |z| = 1, eq. (10.3) reduces to the Fourier transform; that is, 
X(z) = X(e/^) = S(x[n]. (10.8) 
z=” 


The relationship between the z-transform and Fourier transform for discrete-time 
signals parallels closely the corresponding discussion in Section 9.1 for continuous-time 
signals, but with some important differences. In the continuous-time case, the Laplace 
transform reduces to the Fourier transform when the real part of the transform variable is 
zero. Interpreted in terms of the s-plane, this means that the Laplace transform reduces to 
the Fourier transform on the imaginary axis (i.e., for s = jw). In contrast, the z-transform 
reduces to the Fourier transform when the magnitude of the transform variable z is unity 
(i.e, for z = e/”). Thus, the z-transform reduces to the Fourier transform on the contour 
in the complex z-plane corresponding to a circle with a radius of unity, as indicated in 
Figure 10.1. This circle in the z-plane is referred to as the unit circle and plays a role in 
the discussion of the z-transform similar to the role of the imaginary axis in the s-plane for 
the Laplace transform. 





Unit circle 


Figure 10.1 Complex z-plane. The 
z-transform reduces to. the Fourier 
transform for values of z on the unit 
circle. 


From eq. (10.7), we see that, for convergence of the z-transform, we require that the 
Fourier transform of x[n]r~" converge. For any specific sequence x[n], we would expect 
this convergence for some values of r and not for others. In general, the z-transform of a 
sequence has associated with it a range of values of z for which X(z) converges. As with 
the Laplace transform, this range of values is referred to as the region of convergence 
(ROC). If the ROC includes the unit circle, then the Fourier transform also converges. To 
illustrate the z-transform and the associated region of convergence, letus consider several 
examples. 


Example 10.1 
Consider the signal x[n] = a"u[n]. Then, from eq. (10.3), 
+x x 
X(z) = »a'un]z"- az y. 
п=—= п=0 


For convergence of X(z), we require that 5°) az ||" < œ. Consequently, the region 
of convergence is the range of values of z for which |az^!| < 1, or equivalently, |z| > Jal. 
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Then 


А i А 
X(z) = Уа!) = ==>] А> (10.9) 


= -l 
п=0 1 de 





_ Thus, the z-transform for this signal is well-defined for any value of a, with an ROC 
_ determined by the magnitude of a according to eq. (10.9). For example, for a = 1, x[n] 
. is the unit step sequence with z-transform 


1 
у = = 2| > 1. 
=y МУ®! 


: We see that the z-transform in eq. (10.9) is a rational function. Consequently, just 
. as with rational Laplace transforms, the z-transform can be characterized by its zeros (the 
. roots of the numerator polynomial) and its poles (the roots of the denominator polyno- 
= mial). For this example, there is one zero, atz = 0, and one pole, atz = a. The pole-zero 
... plot and the region of convergence for Example 10.1 are shown in Figure 10.2 for a value 
.. of a between 0 and 1. For |а| > 1, the ROC does not include the unit circle, consistent 
.—— with the fact that, for these values of a, the Fourier transform of a" u[n] does not converge. 


$m 






Unit Circle 


z-plane 


Figure 10.2  Pole-zero plot and region of convergence for Example 10.1 for 
0<а< 1. 


Example 10.2 


^ Now let x[n] = —а"и[—п— 1]. Then 


= 1 
== dunt = = S tet 


m M (10.10) 


en E i = ] — Уат)" 


X(z) 





- 1 1 — — z 
MUSS. pA; WU (10.11) 








The pole-zero plot and region of convergence for this example are shown in Fig- 
_ ше 10.3 for a value of a between 0 and 1. 
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Im 






Unit Circle 


z-plane 





Figure 10.3  Pole-zero plot and region of convergence for Example 10.2 for 
0<а<1. 


Comparing eqs. (10.9) and (10.11), and Figures 10.2 and 10.3, we see that the al- 
gebraic expression for X(z) and the corresponding pole-zero plot are identical in Exam- 
ples 10.1 and 10.2, and the z-transforms differ only in their regions of convergence. Thus, 
as with the Laplace transform, specification of the z-transform requires both the algebraic 
expression and the region of convergence. Also, in both examples, the sequences were 
exponentials and the resulting z-transforms were rational. In fact, as further suggested by 
the following examples, X(z) will be rational whenever x[n] is a linear combination of real 
or complex exponentials: 


Example 10.3 
Let us consider a signal that is the sum of two real exponentials: 


x[n] = т) u[n] — 6(3) и[п]. (10.12) 


The z-transform is then 


хо = > 09 u[n] -6(5) «nl a 


n-2-x 


= 7 > G) u[n]z " — 6 F (5) u[n]z " 


n=-% =-= 


1> є') = 23 20] (10.13) 
n=0 





n=0 
b= 377) 
oe ER LA (10.14) 
a | = (l — $290. — se") 
3 
E М (10.15) 
(= Са 5) 


_ For convergence of X(z), both sums in ед. (10.13) must converge, which requires 
that both |(1/3)z~'| < 1 and |(1/2)2 | < 1, or equivalently, |z| > 1/3 and |z| > 1/2. Thus, 
the region of convergence is |z| > 1/2. 





746 Signals and Systems, Second Edition 


The z-transform for this example can also be obtained using the results of Exam- 
ple 10.1. Specifically, from the definition of the z-transform in eq. (10.3), we see that the 
z-transform is linear; that is, if x[n] is the sum of two terms, then X(z) will be the sum 
of the z-transforms of the individual terms and will converge when both z-transforms 
converge. From Example 10.1, 


1 n 2 1 | 
G) и[п] 1-17 lg > 4 (10.16) 
and 
4 І 10.17 
2 u[n] < 12-1 [> (10.17) 
2 


7 6 (10.18) 
= » fled 
l= dg! 1—42 Id $ 





as we determined before. The pole-zero plot and ROC for the z-transform of each of the 
individual terms and for the combined signal are shown in Figure 10.4. 





Im 





(a) (b) 





Figure 10.4  Pole-zero plot and(tegion of convergence for the individual terms 
and the sum in Examiple 10.3: (a)1/(1 — 571), |z| > 5 (6)1/(1 – 3271), |4 > 1; 
(с)7/(1 — iz!) = 6/(1 – 1271), lz > 5. 
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Example 10.4 


Let us consider the signal 


ll 


x[n] = Q' sin п)и[а] 


3; Ge/" ^y u[n] = age yu[n]. 


The z-transform of this signal is 


X(z) = X late") u[n] 5 zac") «nl z" 


п=—® 





1/1; y 1 Sl _, ü 
к= mE comm.) xs lig im^. (10.19) 
724877) E 
EM. 1 ud. 1 
B 2j 1 — етй! 2j1— leirg!’ 
or equivalently, 
zzz 
X(2) = 3/2 (10.20) 


(2 — уе?”%у(г = le-imh) 


For convergence of X(z), both sums in eq. (10.19) must converge, which requires 
that |(1/3)e/7^z ^! | < 1 and |(1/3)е "27| < 1, or equivalently, |z| > 1/3. The pole- 
zero plot and ROC for this example are shown in Figure 10.5. 


Im 





z-plane 


Re 


Figure 10.5 Pole-zero plot and ROC for the z-transform in Example 10.4. 


In each of the preceding four examples, we expressed the z-transform both as a 
ratio of polynomials in z and as a ratio of polynomials in z !. From the definition of 
the z-transform as given in eq. (10.3), we see that, for sequences which are zero for 
n « 0, X(z) involves only negative powers of z. Thus, for this class of signals, it is partic- 
ularly convenient for X(z) to be expressed in terms of polynomials іп z~! rather than z, and 
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when appropriate, we will use that form in our discussion. However, reference to the poles 
and zeros is always in terms of the roots of the numerator and denominator expressed as 
polynomials in z. Also, it is sometimes convenient to refer to X(z), written as a ratio of 
polynomials in z, as having poles at infinity if the degree of the numerator exceeds the 
degree of the denominator or zeros at infinity if the numerator is of smaller degree than 
the denominator. 


10.2 THE REGION OF CONVERGENCE FOR THE z-TRANSFORM 


In Chapter 9, we saw that there were specific properties of the region of convergence 
of the Laplace transform for different classes of signals and that understanding these 
properties led to further insights about the transform. In a similar manner, we explore 
a number of properties of the region of convergence for the z-transform. Each of the 
following properties and its justification closely parallel the corresponding property in 
Section 9.2. 


Property 1: The ROC of X(z) consists of a ring in the z-plane centered about the 





origin. 


This property is illustrated in Figure 10.6 and follows from the fact that the ROC 
consists of those values of z = re/” for which x[n]r~" has a Fourier transform that con- 
verges. That is, the ROC of the z-transform of x[n] consists of the values of z for which 
x[n]r^" is absolutely summable:? 


У |х[п| < ә. (10.21) 


n-2-o 


Figure 10.6 ROC as a ring in the 
z-plane. In some cases, the inner 
boundary can extend inward to the ori- 
gin, in which case the ROC becomes a 
disc. In other cases, the outer bound- 
ary can extend outward to infinity. 





?For a thorough treatment of the mathematical properties of z-transforms, see R.V. Churchill and J.W. 
Brown, Complex Variables and Applications (5th ed.) (New York: McGraw-Hill, 1990), and E. I. Jury, Theory 
and Application of the z-Transform Method (Malabar, FL: R. E. Krieger Pub. Co., 1982). 
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Thus, convergence is dependent only on r = |z| and not on w. Consequently, if a 
specific value of z is in the ROC, then all values of z on the same circle (i.e., with the 
same magnitude) will be in the ROC. This by itself guarantees that the ROC will con- 
sist of concentric rings. As we will see when we discuss Property 6, the ROC must in 
fact consist of only a single ring. In some cases the inner boundary of the ROC may ex- 
tend inward to the origin, and in some cases the outer boundary may extend outward to 


infinity. 
Property 2: The ROC does not contain any poles. 


As with the Laplace transform, this property is simply a consequence of the fact that 
at a pole X(z) is infinite and therefore, by definition, does not converge. 





Property 3: If x[n] is of finite duration, then the ROC is the entire z-plane, except 


possibly z = 0 and/or z = o. 





A finite-duration sequence has only a finite number of nonzero values, extending, 
say, from n = № ton = №, where N, and № are finite. Thus, the z-transform is the sum 
of a finite number of terms; that is, 


№ 
X() = У ије". (10.22) 


п= № 


For 2 not equal to zero ог infinity, each term іп the sum will be finite, апа conse- 
quently, X(z) will converge. If N, is negative and №; positive, so that x[n] has nonzero 
values both for n < 0 and п > 0, then the summation includes terms with both positive 
powers of z and negative powers of z. As |z| — 0, terms involving negative powers of 
z become unbounded, and as |z| — х, terms involving positive powers of z become un- 
bounded. Consequently, for № negative and M, positive, the ROC does not include z = 0 
or z = ~. If N; is zero or positive, there are only negative powers of z in eq. (10.22), and 
consequently, the ROC includes z = o. If N is zero or negative, there are only positive 
powers of z in eq. (10.22), and consequently, the ROC includes z = 0. 


Example 10.5 
Consider the unit impulse signal 8 [n]. Its z-transform is given by 


[n] => © 8lnz" = 1, (10.23) 


n=-2 


with an ROC consisting of the entire z-plane, including z = 0 and z = o. On the other 
hand, consider the delayed unit impulse 5[n — 1], for which 





8[n— 1] > У ln- Ш" = z^. (10.24) 


n=-% 
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This z-transform is well defined except at z = 0, where there is a pole. Thus, the ROC 
consists of the entire z-plane, including z = = but excluding z = 0. Similarly, consider 
an impulse advanced in time, namely, 5[n + 1]. In this case, 


[n 1] Š У да+ П" =z (10.25) 


n=-% 


— which is well defined for all finite values of z. Thus, the ROC consists of the entire finite 
. z-plane (including z = 0), but there is a pole at infinity. 


Property 4: If x[n] is a right-sided sequence, and if the circle |z| = ro is in the ROC, 
then all finite values of z for which |z| > ro will also be in the ROC. 


The justification for this property follows in a manner identical to that of Property 4 
in Section 9.2. A right-sided sequence is zero prior to some value of n, say, №. If the 
circle |z| = ro is in the ROC, then x[n]r; " is absolutely summable. Now consider |z| = ri 
with гү > ro, so that гү” decays more quickly than rọ” for increasing n. As illustrated 
in Figure 10.7, this more rapid exponential decay will further attenuate sequence values 












x[n] 


М, п 


го" 





Figure 10.7 With л > ry, x[n]r, " 
decays faster with increasing л than 
does x[n]r,". Since x[n] = 0,n < M, 
this implies that if x[n] ^ is abso- 
lutely summable, then x|nir, ^ will be 
n also. 
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for positive values of n and cannot cause sequence values for negative values of n to be- 
come unbounded, since x[n] is right sided and, in particular, x[n]z " = 0 for n < Nj. 
Consequently, x[n]r; " is absolutely summable. 

For right-sided sequences in general, eq. (10.3) takes the form 


© 


Xe x apis (10.26) 


п= № 


where N; is finite and may be positive or negative. If N, is negative, then the summation 
in eq. (10.26) includes terms with positive powers of z, which become unbounded as |z| —> 
оо, Consequently, for right-sided sequences in general, the ROC will not include infinity. 
However, for the particular class of causal sequences, i.e., sequences that are zero for 
n < 0, № will be nonnegative, and consequently, the ROC will include z = o. 





Property 5: If x[n] is a left-sided sequence, and if the circle |z = ro is in the ROC, 


then all values of z for which 0 < |z| < ro will also be in the ROC. 





Again, this property closely parallels the corresponding property for Laplace trans- 
forms, and the proof of it and its basis in intuition are similar to the proof and intuition 
for Property 4. In general, for left-sided sequences, from eq. (10.3), the summation for the 
z-transform will be of the form 


№ 


X(z) = >= ХДЕ", (10.27) 


п = —0 


where № may be positive or negative. If № is positive, then eq. (10.27) includes negative 
powers of z, which become unbounded as |z| — 0. Consequently, for left-sided sequences, 
the ROC will not in general include z = 0. However, if № = 0 (so that x[n] = 0 for all 
n > 0), the ROC will include z = 0. 





Property 6: If x[n] is two sided, and if the circle |z| = ro is in the ROC, then the 
ROC will consist of a ring in the z-plane that includes the circle |z| = ro. 





As with Property 6 in Section 9.2, the ROC for a two-sided signal can be examined 
by expressing x[n] as the sum of a right-sided and a left-sided signal. The ROC for the 
right-sided component is a region bounded on the inside by a circle and extending outward 
to (and possibly including) infinity. The ROC for the left-sided component is a region 
bounded on the outside by a circle and extending inward to, and possibly including, the 
origin. The ROC for the composite signal includes the intersection of the ROCs of the 
components. As illustrated in Figure 10.8, the overlap (assuming that there is one) is a 
ring in the z-plane. 

We illustrate the foregoing properties with examples that closely parallel Exam- 
ples 9.6 and 9.7. 
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(a) (b) 


Im 





z-plane 


(с) 


Figure 10.8 (а) ROC for right-sided sequence; (b) ROC for left-sided sequence; 
(c) intersection of the ROCs in (a) and (b), representing the ROC for a two-sided se- 
quence that is the sum of the right-sided and the left-sided sequence. 


Example 10.6 
Consider the signal 





n=0 

Р S ary (10.28) 
п=0 

aie. жа 
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Since x[n] is of finite length, it follows from Property 3 that the ROC includes the entire z- 

plane except possibly the origin and/or infinity. In fact, from our discussion of Property 3, 

since x[n] is zero for л < 0, the ROC will extend to infinity. However, since x[n] is 

nonzero for some positive values of n, the ROC will not include the origin. This is evident 

from eq. (10.28), from which we see that there is a pole of order N — 1 at z = 0. The N 
roots of the numerator polynomial are at 





z ae K-01..N-L (10.29) 


The root for k = 0 cancels the poleat z = a. Consequently, there are no poles other than 
at the origin. The remaining zeros are at 


zy = ael og uds, N — 1. (10.30) 





The pole-zero pattern is shown in Figure 10.9. 


$m 


z-plane 


(N-1)st order pole Unit circle 





Figure 10.9  Pole-zero pattern for Example 10.6 with V = 16 and 
0 < a « 1. The region of convergence for this example consists of all 
values of z except 7 = 0. 





Example 10.7 
Let 
x[n] = b", b>0. | (10.31) 





- This two-sided sequence is illustrated in Figure 10.10, for both b < 1 and b > 1. The 
z-transform for the sequence can be obtained by expressing it as the sum of a right-sided 
and a left-sided sequence. We have 


x[n] = b"u[n] + b "u[—n — 1]. (10.32) 








From Example 10.1, 





|z| > b, (10.33) 


Buin] <— 


]-bz"' 





and from Example 10.2, 





|4 < =. (10.34) 
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x[n] = 61"! 
1 
0<b<1 
n 
(a) 
x[n]= Ь!"! 
b»1 
y 
n 
(b) 


Figure 10.10 Sequence x[n] = b" їог0 < b < 1andfor b > 1: (а) b = 
0.95; (b) b = 1.05. 


In Figures 10.11(a)-(d) we show the pole-zero pattern and ROC for eqs. (10.33) 
and (10.34), for values of b > 1 and 0 < b « 1. For b > 1, there is no common ROC, 
and thus the sequence in eq. (10.31) will not have a z-transform, even though the right- 

i sided and left-sided components do individually. For b < 1, the ROCs in eqs. (10.33) 
and (10.34) overlap, and thus the z-transform for the composite sequence is 








1 1 1 
= — «< L— Й 
X(z) О В = b< < p (10.35) 
or equivalently, 
?—1 z 1 
= , b« =. 10. 
XO 7 7b G-BG-b3) ld ; „ы 


The corresponding pole-zero pattern and ROC are shown in Figure 10.11(e). 
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Unit circle 
z-plane 
z-plane 





Figure 10.11  Pole-zero plots and ROCs for Example 10.7: (a) eq. (10.33) for 
b > 1; (b) eq. (10.34) for b > 1; (c) eq. (10.33) for 0 < b < 1; (d) ед. (10.34) for 
0 < b < 1; (е) pole-zero plot and ROC for eq. (10.36) with 0 < b < 1. For > 1, 
the z-transform of x[n] in eq. (10.31) does not converge for any value of z. 
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In discussing the Laplace transform in Chapter 9, we remarked that for a rational 
Laplace transform, the ROC is always bounded by poles or infinity. We observe that in 
the foregoing examples a similar statement applies to the z-transform, and in fact, this is 
always true: 


Property 7: If the z-transform X(z) of x[n] is rational, then its ROC is bounded by 
poles or extends to infinity. 


Combining Property 7 with Properties 4 and 5, we have 


Property 8: If the z-transform X(z) of x[n] is rational, and if x[n] is right sided, then 
the ROC is the region in the z-plane outside the outermost pole—-i.e., outside the circle 


of radius equal to the largest magnitude of the poles of X(z). Furthermore, if x[n] is 


causal (i.e., if it is right sided and equal to 0 for n < 0), then the ROC also includes 
2 = 9, 





Thus, for right-sided sequences with rational transforms, the poles are all closer to 
the origin than is any point in the ROC. 


Property 9: If the z-transform X(z) of x[n] is rational, and if x[n] is left sided, then 
the ROC is the region in the z-plane inside the innermost nonzero pole—i.e., inside the 
circle of radius equal to the smallest magnitude of the poles of X(z) other than any at 
z = 0 and extending inward to and possibly including z = 0. In particular, if x[n] is 
anticausal (i.e., if it is left sided and equal to 0 for n > 0), then the ROC also includes 
z = 0. 





Thus, for left-sided sequences, the poles of X(z) other than any at 2 = 0 are farther 
from the origin than is any point in the ROC. 

For a given pole-zero pattern, or equivalently, a given rational algebraic expression 
X(z), there are a limited number of different ROCs that are consistent with the preceding 
properties. To illustrate how different ROCs can be associated with the same pole-zero 
pattern, we present the following example, which closely parallels Example 9.8. 


Example 10.8 
__ Let us consider all of the possible ROCs that can be connected with the function 


1 


X(z) = 7 
(97 Galena 2270) 





(10.37) 


The associated pole-zero pattern is shown in Figure 10.12(а). Based on our discussion 
in this section, there are three possible ROCs that can be associated with this algebraic 
_ expression for the z-transform. These ROCs are indicated in Figure 10.12(b)- (d). Each 
corresponds to a different sequence. Figure 10.12(b) is associated with a right-sided 
sequence, Figure 10.12(c) with a left-sided sequence, and Figure 10.12(d) with a two- 
sided sequence. Since Figure 10.12(d) is the only one for which the ROC includes the 
, unit circle, the sequence corresponding to this choice of ROC is the only one of the three 
_ for which the Fourier transform converges. 
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Unit circle 
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(а) (b) 
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Unit circle 


Unit circle 
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\ Z-plane 
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(c) (9) 


Figure 10.12 Тһе three possible ROCs that can be connected with the 
expression for the z-transform in Example 10.8: (a) pole-zero pattern for X(z); 
(b) pole-zero pattern and ROC if x[n] is right sided; (c) pole-zero pattern and 
ROC if x[n] is left sided; (d) pole-zero pattern and ROC if x[n] is two sided. In 
each case, the zero at the origin is a second-order zero. 


10.3 THE INVERSE z-TRANSFORM 


In this section, we consider several procedures for determining a sequence when its z- 
transform is known. To begin, let us consider the formal relation expressing a sequence in 
terms of its z-transform. This expression can be obtained on the basis of the interpretation, 
developed in Section 10.1, of the z-transform as the Fourier transforrn of an exponentially 
weighted sequence. Specifically, as expressed in eq. (10.7), 


Х(те?®)у = Six[n]r "), (10.38) 


for any value of r so that z = re/^ is inside the ROC. Applying the inverse Fourier trans- 
form to both sides of eq. (10.38) yields 


x[n]r " = $^! (X(reJ")), 
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or 
x[n] = "97 '[X(re/")]. (10.39) 


Using the inverse Fourier transform expression in eq. (5.8), we have 


x[n] = rf Х(ге?°®)е?®"адф, 
2r Im 


or, moving the exponential factor r” inside the integral and combining it with the term 
e jen 


x[n] = = | X(re! (re! )"dw. (10.40) 
2T Qn 

That is, we can recover x[n] from its z-transform evaluated along a contour z = re/® in 
the ROC, with r fixed and w varying over a 27 interval. Let us now change the variable 
of integration from w to z. With z = re/^ and ғ fixed, dz = jre/’dw = jzdw,ordw = 
(V j)z !dz. The integration in eq. (10.40) is over a 27 interval in w, which, in terms of 
z, corresponds to one traversal around the circle |z| = r. Consequently, in terms of an 
integration in the z-plane, eq. (10.40) can be rewritten as 


xn] = x ф X(2z'- dz, (10.41) 





where the symbol O denotes integration around a counterclockwise closed circular contour 
centered at the origin and with radius r. The value of r can be chosen as any value for 
which X(z) converges—i.e., any value such that the circular contour of integration |z| = r 
is in the ROC. Equation (10.41) is the formal expression for the inverse z-transform and 
is the discrete-time counterpart of eq. (9.56) for the inverse Laplace transform. As with 
eq. (9.56), formal evaluation of the inverse transform equation (10.41) requires the use 
of contour integration in the complex plane. There are, however, a number of alternative 
procedures for obtaining a sequence from its z-transform. As with Laplace transforms, one 
particularly useful procedure for rational z-transforms consists of expanding the algebraic 
expression into a partial-fraction expansion and recognizing the sequences associated with 
the individual terms. In the following examples, we illustrate the procedure. 


Example 10.9 


Consider the z-transform 





— 35-1 
3—54 


X(z) = ў 
-= (т=Тлут-1-— 





ld > +1. (10.42) 


There are two poles, one at z = 1/3 and one at z = 1/4, and the ROC lies outside the 
outermost pole. That is, the ROC consists of all points with magnitude greater than that 
_of the pole with the larger magnitude, namely the pole at z = 1/3. From Property 4 in 
Section 10.2, we then know that the inverse transform is a right-sided sequence. As 
__ described in the appendix, X(z) can be expanded by the method of partial fractions. For 





Chapter 10 The Z-Transform 759 





_ this example, the partial-fraction expansion, expressed in polynomials in z~ ', is 
a —, (10.43) 
1— 42 1- 32 









Thus, x[n] is the sum of two terms, one with z-transform 1/[1 — (1/4)z~'] and the 
other with z-transform 2/[1 — (1/3)z^!]. In order to determine the inverse z-transform of 
each of these individual terms, we must specify the ROC associated with each. Since 
the ROC for X(z) is outside the outermost pole, the ROC for each individual term in 
eq. (10.43) must also be outside the pole associated with that term. That is, the ROC 
for each term consists of all points with magnitude greater than the magnitude of the 
= corresponding pole. Thus, 





x[n] = xi[n] + x[n], (10.44) 
p _ where 
x[n] <> «C ld 1, (10.45) 
1 — ae” 
2 





хи] > — m (10.46) 


From Example 10.1, we can identify by inspection that 








xi[n] = G) и[п] (10.47) 
= x[n] = G) u[n], (10.48) 
and thus, 
1 n 1 n 
xn] = G) ща] + 2(;) йй. (10.49) 





Example 10.10 















Now let us consider the same algebraic expression for X(z) as in eq. (10.42), but with 
_ the ROC for X(z) as 1/4 < |z| < 1/3. Equation (10.43) is still a valid partial-fraction ex- 
pansion of the algebraic expression for X(z), but the ROC associated with the individual 
' terms will change. In particular, since the ROC for X(z) is outside the pole at z — 1/4, 
ће ROC corresponding to this term in eq. (10.43) is also outside the pole and consists of 
all points with magnitude greater than 1/4, as it did in the previous example. However, 
since in this example the ROC for X(z) is inside the pole at z — 1/3, that is, since the 
, points in the ROC all have magnitude less than 1/3, the ROC corresponding to this term 
, must also lie inside this pole. Thus, the z-transform pairs for the individual components 
in eq. (10.44) are 


—— |e >}, (10.50) 
1- iz! 
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and 
2 П 
x[n] — а < А (10.51) 


The signal x; [n] remains as іп eq. (10.47), while from Example 10.2, we can identify 


x2[n] = -2(3) u[—n — 1], (10.52) 
so that 
1 п 1 п 
x[n] = E u[n] — 28) и[-п — 1]. (10.53) 


Example 10.11 


Finally, consider X(z) as in eq. (10.42), but now with the ROC |z| — 1/4. In this case the 
ROC is inside both poles, i.e., the points in the ROC all have magnitude smaller than 
either of the poles at z — 1/3 or z — 1/4. Consequently the ROC for each term in the 
partial-fraction expansion in eq. (10.43) must also lie inside the corresponding pole. As 
a result, the z-transform pair for x,[n] is given by 


1 
4 < 2 (10.54) 


х\[л] <, 





= be" 
42 


while the z-transform pair for x»[n] is given by eq. (10.51). Applying the result of Ex- 
ample 10.2 to eq. (10.54), we find that 
x[n] = — р fon 1] 
1 == F 


so that ^ 


x[n] = -(3) u[—n = 1] - 2(5) и[—п— 1]. 


The foregoing examples illustrate the basic procedure of using partial-fraction ex- 
pansions to determine inverse z-transforms. As with the corresponding method for the 
Laplace transform, the procedure relies on expressing the z-transform as a linear com- 
bination of simpler terms. The inverse transform of each term can then be obtained by 
inspection. In particular, suppose that the partial-fraction expansion of X(z) is of the form 





ae Ai 
X(z) = x [^ar (10.55) 


i=] 


so that the inverse transform of X(z) equals the sum of the inverse transforms of the individ- 
ual terms in the equation. If the ROC of X(z) is outside the pole at z = aj, the inverse trans- 
form of the corresponding term in eq. (10.55) is А;а?и[п]. On the other hand, if the ROC 
of X(z) is inside the pole at z = aj, the inverse transform of this term is — A;a?u[—n — 1]. 
In general, the partial-fraction expansion of a rational transforra may include terms in 
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addition to the first-order terms in eq. (10.55). In Section 10.6, we list a number of other 
z-transform pairs that can be used in conjunction with the z-transform properties to be 
developed in Section 10.5 to extend the inverse transform method outlined in the preceding 
example to arbitrary rational z-transforms. 

Another very useful procedure for determining the inverse z-transform relies on a 
power-series expansion of X(z). This procedure is motivated by the observation that the 
definition of the z-transform given in eq. (10.3) can be interpreted as a power series in- 
volving both positive and negative powers of z. The coefficients in this power series are, 
in fact, the sequence values x[n]. To illustrate how a power-series expansion can be used 
to obtain the inverse z-transform, let us consider three examples. 


Example 10.12 


| Consider the z-transform 








X(z) = 42 +2 +3z!, 0 < |z| <, (10.56) 


, From the power-series definition of the z-transform in eq. (10.3), we can determine the 
inverse transform of X(z) by inspection: 


4, n= =2 
3:2, й=0 
xini = 3, n=1 
0, otherwise 
; That is, 
x[n] = 46[n + 2] + 26[n] + 3ó[n — 1]. (10.57) 


| Comparing eqs. (10.56) and (10.57), we see that different powers of z serve as placehold- 
ers for sequence values at different points in time; i.e., if we simply use the transform 
| pair | 


ô[n + по] PL go, 
we can immediately pass from eq. (10.56) to (10.57) and vice versa. 


Example 10.13 


Consider 


-1* А > lal. 


1 
XZ): = —— — 
Laz 
This expression can be expanded in a power series by long division: 


Lär! terte 


l-az')i 


1-а! 
az | 
az! – az? 
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or 


1 


Toca = 1+az"! ta? сазда (10.58) 


The series expansion of eq. (10.58) converges, since |z| > |a|, or equivalently, [а | < 1. 
Comparing this equation with the definition of the z-transform in equation (10.3), we see, 
by matching terms in powers of z, that x[n] = 0, п < 0; x[0] = 1; x[1] = a; x[2] = a’; 
and in general, x[n] = a"u[n], which is consistent with Example 10.1. 

If, instead, the ROC of X(z) is specified as |z| < |a| or, equivalently, |az~'| > 1, 
then the power-series expansion for 1/(1 — az~') in eq. (10.53) does not converge. How- 
ever, we can obtain a convergent power series by long division again: 


ааай әз 
—az 41) 1 = 
1— az | 
а! 
ог 
1 = 2205 
loy О ЖЕ Saas (10.59) 


In this case, then, x[n] = 0, n = 0; and x[-1] = —a^!, x[-2] = —a^?,...; that is, 
x[n] = —a"u[-n — 1]. This is consistent with Example 10.2. 





The power-series expansion method for obtaining the inverse z-transform is particu- 
larly useful for nonrational z-transforms, which we illustrate with the following example: 


Example 10.14 


Consider the z-transform 








X(z) —log(l-c az, А> |а. (10.60) 
With |z| > |а], or, equivalently, |az~'| < 1, eq. (10.60) can be expanded in a power series 
using the Taylor's series expansion 
_ к (-1)"*!y" . 10.61 
юй dedos 2, =. lv] < 1. (10.61) 
Applying this to eq. (10.60), we have 
E Ld (= 1)"+1а27" 
Х@ = У E (10.62) 


from which we can identify 


n а" > 
x[n] -feo erc 221, (10.63) 
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~ or equivalently, 


x[n] = u[n — 1]. 


=a)" 
n 
In Problem 10.63 we consider a related example with region of convergence |z| < |а|. 


10.4 GEOMETRIC EVALUATION OF THE FOURIER TRANSFORM 
FROM THE POLE-ZERO PLOT 


In Section 10.1 we noted that the z-transform reduces to the Fourier transform for |z| = 1 
(i.e., for the contour in the z-plane corresponding to the unit circle), provided that the 
ROC of the z-transform includes the unit circle, so that the Fourier transform converges. 
In a similar manner, we saw in Chapter 9 that, for continuous-time signals, the Laplace 
transform reduces to the Fourier transform on the jw-axis in the s-plane. In Section 9.4, 
we also discussed the geometric evaluation of the continuous-time Fourier transform from 
the pole-zero plot. In the discrete-time case, the Fourier transform can again be evaluated 
geometrically by considering the pole and zero vectors in the z-plane. However, since in 
this case the rational function is to be evaluated on the contour |z| = 1, we consider the 
vectors from the poles and zeros to the unit circle rather than to the imaginary axis. To 
illustrate the procedure, let us consider first-order and second-order systems, as discussed 
in Section 6.6. 


10.4.1 First-Order Systems 


The impulse response of a first-order causal discrete-time system is of the general form 





h[n] = a"u[n], (10.64) 
and from Example 10.1, its z-transform is 
1 @ 
Н = yoat g-a Ш> (10.65) 


For |a| < 1, the ROC includes the unit circle, and consequently, the Fourier transform of 
h[n] converges and is equal to H(z) for z = e/^. Thus, the frequency response for the 
first-order system is 


1 


Не") = тшс 


(10.66) 

Figure 10.13(a) depicts the pole-zero plot for H(z) in eq. (10.65), including the 
vectors from the pole (at z = a) and zero (at z = 0) to the unit circle. With this plot, the 
geometric evaluation of H(z) can be carried out using the same procedure as described in 
Section 9.4. In particular, if we wish to evaluate the frequency response in eq. (10.65), 
we perform the evaluation for values of z of the form z = e/”. The magnitude of the 
frequency response at frequency w is the ratio of the length of the vector v; to the length 
of the vector v? shown in Figure 10.13(a). The phase of the frequency response is the an- 
gle of v, with respect to the real axis minus the angle of v2. Furthermore, the vector v; from 
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|H(e)| 


z-plane 





(a) 


«Н(е!®) 


Figure 10.13 (а) Pole and zero 
vectors for the geometric determina- 
tion of the frequency response for a 
first-order system for a value of a be- 
tween 0 and 1; (b) magnitude of the 
frequency response for a = 0.95 and 
a = 0.5; (c) phase of the frequency 
response for à = 0.95 and a = 0.5. 





the zero at the origin to the unit circle has a constant length of unity and thus has no 
effect on the magnitude of H(e/"). The phase contributed to H(e/^) by the zero is the 
angle of the zero vector with respect to the real axis, which we see is equal to ш. For 
0 <a < 1, the pole vector has minimum length at o = 0 and monotonically increases in 
length as w increases from zero to т. Thus, the magnitude of the frequency response will be 
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maximum аќ = О and will decrease monotonically as w increases from 0 to 7r. The angle 
of the pole vector begins at zero and increases monotonically as œw increases from zero to 
т. The resulting magnitude and phase of H(e/^) are shown in Figures 10.13(b) and (c), 
respectively, for two values of a. 

The magnitude of the parameter a in the discrete-time first-order system plays a 
role similar to that of the time constant 7 for the continuous-time first-order system of 
Section 9.4.1. Note first that, as illustrated in Figure 10.13, the magnitude of the peak 
of H(e/") at w = 0 decreases as |a| decreases toward 0. Also, as was discussed in Sec- 
tion 6.6.1 and illustrated in Figures 6.26 and 6.27, as |a| decreases, the impulse response 
decays more sharply and the step response settles more quickly. With multiple poles, the 
speed of response associated with each pole is related to its distance from the origin, with 
those closest to the origin contributing the most rapidly decaying terms in the impulse re- 
sponse. This is further illustrated in the case of second-order systems, which we consider 
next. 


10.4.2 Second-Order Systems 


Next, let us consider the class of second-order systems as discussed in Section 6.6.2, with 
impulse response and frequency response given in eqs. (6.64) and (6.60), which we re- 
spectively repeat here as 


sin(n + 1)8 
ie ll a 


h[n] = r" ind 


[n] (10.67) 


and 


1 


Tox ———— ——— 
Hoe) 1 — 2rcos0e- je + r2e- 2o" 


(10.68) 
where 0 < r < 1 and 0 = 0 = т. Since Н(еі°) = H2). uo. we can infer from 
eq. (10.68) that the system function, corresponding to the z-transform of the system 
impulse response, is 


1 


Т Qrcos6)z | + rig (10.69) 


H(z) = 


The poles of H(z) are located at 
a = rel? ту = re}, (10.70) 


and there is a double zero at z = 0. The pole-zero plot and the pole and zero vectors with 
0 < 0 < л/2 аге illustrated in Figure 10.14(a). In this case, the magnitude of the frequency 
response equals the square of the magnitude of v, (since there is a double zero at the origin) 
divided by the product of the magnitudes of v» and уз. Because the length of the vector v, 
from the zero at the origin is 1 for all values of w, the magnitude of the frequency response 
equals the reciprocal of the product of the lengths of the two pole vectors vz and уз. Also, 
the phase of the frequency response equals twice the angle of v; with respect to the real 
axis minus the sums of the angles of v2 and уз. In Figure 10.14(b) we show the magnitude 
of the frequency response for r — 0.95 and r — 0.75, while in Figure 10.14(c) we display 
the phase of H(e/^) for the same two values of r. We note in particular that, as we move 
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(b) - 


Figure 10.14 (а) Zero vector v, and pole 
vectors v, and v; used in the geometric cal- 
culation of the frequency responses for 
a second-order system; (b) magnitude 
of the frequency response correspond- 
ing to the reciprocal of the product 

of the lengths of the pole vectors for 

г = 0.95 and г = 0.75; (c) phase of 
the frequency response for r — 0.95 
and r — 0.75. 


along the unit circle from w = 0 toward о = т, the length of the vector v» first decreases 
and then increases, with a minimum length in the vicinity of the pole location, at w = 6. 
This is consistent with the fact that the magnitude of the frequency response peaks for w 
near Ө when the length of the vector v2 is small. Based on the behavior of the pole vectors, 
it is also evident that as r increases toward unity, the minimum length of the pole vectors 
will decrease, causing the frequency response to peak more sharply with increasing r. 
Also, for r near unity, the angle of the vector vz changes sharply for о in the vicinity of 
0. Furthermore, from the form of the impulse response [eq. (10.67) and Figure 6.29] or the 
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step response [eq. (6.67) and Figure 6.30], we see, as we did with the first-order system, 
that as the poles move closer to the origin, corresponding to r decreasing, the impulse 
response decays more rapidly and the step response settles more quickly. 


10.5 PROPERTIES OF THE z-TRANSFORM 


As with the other transforms we have developed, the z-transform possesses a number of 
properties that make it an extremely valuable tool in the study of discrete-time signals and 
systems. In this section, we summarize many of these properties. Their derivations are 
analogous to the derivations of properties for the other transforms, and thus, many are left 
as exercises at the end of the chapter. (See Problems 10.43 and 10.51-10.54.) 


10.5.1 Linearity 


If 

xil] — Xi(z, with ROC = R}, 
and 

xin] «25 (0, with ROC = R, 
then 


2 
ax,[n] + bx2[n] <> аху (2) + bX2(z), with ROC containing R, N Ro. (10.71) 


As indicated, the ROC of the linear combination is at least the intersection of А 
апа R2. For sequences with rational z-transforms, if the poles of ах (2) + bX»(z) consist 
of all of the poles of X;(z) and X»(z) (i.e., if there is no pole-zero cancellation), then the 
region of convergence will be exactly equal to the overlap of the individual regions of 
convergence. If the linear combination is such that some zeros are introduced that cancel 
poles, then the region of convergence may be larger. A simple example of this occurs 
when x;[n] and x»[n] are both of infinite duration, but the linear combination is of finite 
duration. In this case the region of convergence of the linear combination is the entire 
z-plane, with the possible exception of zero and/or infinity. For example, the sequences 
a"u[n] and a"u[n — 1] both have a region of convergence defined Бу |z| > |а], but the 
sequence corresponding to the difference (a"u[n] — a"u[n — 1]) = ó[n] has a region of 
convergence that is the entire z-plane. 





10.5.2 Time Shifting 
If 


2 
x[n] — X(z) with ROC = R, 
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then 





2 
x[n = по] <> 2 ™X(z) with ROC = R, except for 
the possible addition or dele- 
tion of the origin or infinity. 


(10.72) 








Because of the multiplication by z "", for np > 0 poles will be introduced at z = 0, 
which may cancel corresponding zeros of X(z) at z = 0. Consequently, z = 0 may be a 
pole of z^ "* X(z) while it may not be a pole of X(z). In this case the ROC for z "°Х(г) equals 
the ROC of X(z) but with the origin deleted. Similarly, if no « 0, zeros will be introduced 
atz = 0, which may cancel corresponding poles of X(z) at z = 0. Consequently, z = 0 
may be a zero of z "^ X(z) while it may not be a pole of X(z). In this case z = œ% is a pole 
of z "^" X(z), and thus the ROC for z "^ X(z) equals the ROC of X(z) but with the z = o 
deleted. 


10.5.3 Scaling in the z-Domain 
If 


2 
x[n] <> X(z) with КОС = К, 


then 





1 
20 


2 
zox[n] < х 


) with ROC = |zo|R, (10.73) 





where |zo|R is the scaled version of R. That is, if z is a point in the ROC of X(z), then the 
point |zo|z is in the ROC of X(z/zo). Also, if X(z) has a pole (or zero) at z = a, then X(z/zo) 
has a pole (or zero) at z = гоа. 

An important special case of eq. (10.73) is when zo = e/°. In this case, |zo|R = R 
and 


; 2 =. 
e x[n] э Х(е /%0 2). (10.74) 


The left-hand side of eq. (10.74) corresponds to multiplication by a complex exponential 
sequence. The right-hand side can be interpreted as a rotation in the z-plane; that is, all 
pole-zero locations rotate in the z-plane by an angle of wo, as illustrated in Figure 10.15. 
This can be seen by noting that if X(z) has a factor of the form 1 — az~ 1 then X(e~/”0z) 
will have a factor 1 —ae/”°z~', and thus, a pole or zero at z = ain X(z) will become a pole 
or zero at z = ае“ in X(e~/”°z). The behavior of the z-transform on the unit circle will 
then also shift by an angle of wo. This is consistent with the frequency-shifting property 
set forth in Section 5.3.3, where multiplication with a complex exponential in the time 
domain was shown to correspond to a shift in frequency of the Fourier transform. Also, 
in the more general case when zy = roe/^? in eq. (10.73), the pole and zero locations are 
rotated by wy and scaled in magnitude by a factor of ro. 
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Im 


Unit circle z-plane Unit circle 





(a) (b) 
Figure 10.15 Effect on the pole-zero plot of time-domain multiplica- 
tion by a complex exponential sequence е/%": (a) pole-zero pattern for the 


z-transform for a signal x[n]; (b) pole-zero pattern for the z-transform of 
x[nje". 


10.5.4 Time Reversal 
If 
xin] <> XQ, withROC = R; 


then 


l (10.75) 
» 





2 
x[-n] — Х(1), with ROC = 
That is, if 20 is in the ROC for x[n], then 1/20 is in the ROC for x[—n]. 


10.5.5 Time Expansion 


As we discussed in Section 5.3.7, the continuous-time concept of time scaling does not 
directly extend to discrete time, since the discrete-time index is defined only for integer 
values. However, the discrete-time concept of time expansion—i.e., of inserting a number 
of zeros between successive values of a discrete-time sequence x[n]—can be defined and 
does play an important role in discrete-time signal and system analysis. Specifically, the 
sequence xx [n], introduced in Section 5.3.7 and defined as 


_ | x[n/k], if nis a multiple of k 1 
хіп] = | 0, if n is not a multiple of k siete 


has k — 1 zeros inserted between successive values of the original signal. In this case, if 


dnl <> XQ, wihROC B. 
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xaoIn] 2, X(z*), with ROC = R'*, (10.77) 


That is, if z is in the ROC of X(z), then the point z'/* is in the ROC of X(z*). Also, if X(z) 
has a pole (or zero) at z = a, then X(z^) has a pole (or zero) at z = а!/“. 

The interpretation of this result follows from the power-series form of the z- 
transform, from which we see that the coefficient of the term z " equals the value of 
the signal at time n. That is, with 


4x 


Хо) = У xa)", 


n-z-x 


it follows that 


oc +x 


X= У хд{л( гу "= У xin. (10.78) 


n--x п=-= 


Examining the right-hand side of eq. (10.78), we see that the only terms that appear are of 
the form z~*". In other words, the coefficient of the term z^" in this power series equals 
О if m is not a multiple of k and equals x[m/k] if m is a multiple of k. Thus, the inverse 
transform of eq. (10.78) is x[n]. 


10.5.6 Conjugation 
If 


хп] <> X@ with ROC = R, (10.79) 


xin] <> X'(7) with ROC = К. (10.80) 


Consequently, if x[n] is real, we can conclude from eq. (10.80) that 
X(z) = X'(z^). 


Thus, if X(z) has a pole (or zero) at z — zo, it must also have a pole (or zero) at the com- 
plex conjugate point z = 20. For example, the transform X(z) for the real signal x[n] in 
Example 10.4 has poles at z = (1/3)e*/7^, 


10.5.7 The Convolution Property 
If 


xi[n] <, X\(z), with КОС = А, 
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and 


2 
x[n] — X>(z), with КОС = К», 


2 i ini (10.81) 
xi[n] * xo[n] < Xi(z)Xo(z) with ROC containing A, N А2. 


Just as with the convolution property for the Laplace transform, the ROC of 
X\(z)X2(z) includes the intersection of R; and ЁК» and may be larger if pole-zero can- 
cellation occurs in the product. The convolution property for the z-transform can be 
derived in a variety of different ways. A formal derivation is developed in Problem 10.56. 
A derivation can also be carried out analogous to that used for the convolution property for 
the continuous-time Fourier transform in Section 4.4, which relied on the interpretation 
of the Fourier transform as the change in amplitude of a complex exponential through an 
LTI system. 

For the z-transform, there is another often useful interpretation of the convolution 
property. From the definition in eq. (10.3), we recognize the z-transform as a series in 
z ! where the coefficient of z^" is the sequence value x[n]. In essence, the convolution 
property equation (10.81) states that when two polynomials or power series X;(z) and 
Х›(2) are multiplied, the coefficients in the polynomial representing the product are the 
convolution of the coefficients in the polynomials X;(z) and X2(z). (See Problem 10.57). 


then 


Example 10.15 
Consider an LTI system for which 
yln] = hin] * x[n], (10.82) 
where 
Ап] = ô[n] — ô[n — 1]. 
Note that 
8[n] – 8[n— 1] “=> 1-2", (10.83) 


with ROC equal to the entire z-plane except the origin. Also, the z-transform in 
eq. (10.83) has a zero at z = 1. From eq. (10.81), we see that if 


x[n] «5 X(2, with ROC = В, 


then 


yin] — (1 - 2-)X(2), (10.84) 


with ROC equal to R, with the possible deletion of z — 0 and/or addition of z — 1. 
Note that for this system 


y[n] = [8[п] — 6[п— 1]] * x[n] = x[n] — x[n — 1]. 
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That is, у[л] is the first difference of the sequence x[n]. Since the first-difference opera- 
tion is commonly thought of as a discrete-time counterpart to differentiation, eq. (10.83) 
can be thought of as the z-transform counterpart of the Laplace transform differentiation 
property presented in Section 9.5.7. 





Example 10.16 


Suppose we now consider the inverse of first differencing, narnely, accumulation or sum- 
mation. Specifically, let w[n] be the running sum of x[n]: 


win] = > x[k] = шп] * x[n]. (10.85) 


=—%® 


Then, using eq. (10.81) together with the z-transform of the unit step in Example 10.1, 
we see that 
п 2 1 
win] = >) А — 1—-XG. (10.86) 


=—-® pe 





| with ROC including at least the intersection of R with |z| > 1. Eq. (10.86) is the discrete- 
time z-transform counterpart of the integration property in Section 9.5.9. 





10.5.8 Differentiation in the z-Domain 
If 


iiu] t XH, whROC= R 
then 


nxin] Š -z%9, with ROC = R. (10.87) 


This property follows in a straightforward manner by differentiating both sides of the 
expression for the z-transform given in eq. (10.3). As an example of the use of this property, 
let us apply it to determining the inverse z-transform considered in Example 10.14. 

Example 10.17 
If 

X(z) = log(1 az ^) |z |а}, (10.88) 
_ then 


dX(z) _ az! lel > lal. (10.89) 


2 
nxin] < =z dz De 








_ By differentiating, we have converted the z-transform to a rational expression. The 
_ inverse z-transform of the right-hand side of eq. (10.89) can be obtained by using Exam- 
ple 10.1 together with the time-shifting property, eq. (10.72), set forth in Section 10.5.2. 
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Specifically, from Example 10.1 and the linearity property, 





a(—a)"u{n] <> pe dod (10.90) 
Combining this with the time-shifting property yields 
a(-ay-'un- 1] S — —. |> lal 
1 + az 
Consequently, 
x[n] = za u[n — 1]. (10.91) 


Example 10.18 


As another example of the use of the differentiation property, consider determining the 
inverse z-transform for 





EE i 10.92) 
: X(z) ату |z| > |а|. ( 
_ From Example 10.1, 
а"и[п] Кы Lp а = lal, (10.93) 
1 — az 
and hence, 
а 2 _ d 1 а! 
mM eT (i т = G-a dH 0090 
10.5.9 The Initial-Value Theorem 
If x[n] = 0, n < 0, then 
x[0] = lim X(z). (10.95) 


This property follows by considering the limit of each term individually in the ex- 
pression for the z-transform, with x[n] zero for n < 0. With this constraint, 


oc 


X(z) = > ala)". 


n=0 


Asz — ~,z " — 0 {ог n > 0, whereas for n = 0, z " = 1. Thus, eq. (10.95) follows. 

As one consequence of the initial-value theorem, for a causal sequence, if x[0] is 
finite, then lim,_,.. X(z) is finite. Consequently, with X(z) expressed as a ratio of polyno- 
mials in z, the order of the numerator polynomial cannot be greater than the order of the 
denominator polynomial; or, equivalently, the number of finite zeros of X(z) cannot be 
greater than the number of finite poles. 
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Example 10.19 


The initial-value theorem can also be useful in checking the correctness of the z- 
transform calculation for a signal. For example, consider the signal x[n] in Example 10.3. 
From eq. (10.12), we see that x[0] = 1. Also, from eq. (10.14), 


lim X(z) — lim 
fx zo (1— 
which is consistent with the initial-value theorem. 


10.5.10 Summary of Properties 


In Table 10.1, we summarize the properties of the z-transform. 


10.6 SOME COMMON z-TRANSFORM PAIRS 


As with the inverse Laplace transform, the inverse z-transform can often be easily evalu- 
ated by expressing X(z) as a linear combination of simpler terms, the inverse transforms of 
which are recognizable. In Table 10.2, we have listed a number of useful z-transform pairs. 
Each of these can be developed from previous examples in combination with the proper- 
ties of the z-transform listed in Table 10.1. For example, transform pairs 2 and 5 follow 
directly from Example 10.1, and transform pair 7 is developed in Example 10.18. These, 
together with the time-reversal and time-shifting properties set forth in Sections 10.5.4 
and 10.5.2, respectively, then lead to transform pairs 3, 6, and 8. Transform pairs 9 and 10 
can be developed using transform pair 2 together with the linearity and scaling properties 
developed in Sections 10.5.1 and 10.5.3, respectively. 


10.7 ANALYSIS AND CHARACTERIZATION OF LTI SYSTEMS 


USING z-TRANSFORMS 


The z-transform plays a particularly important role in the analysis and representation of 
discrete-time LTI systems. From the convolution property presented in Section 10.5.7, 


Y(z) = H(z)X(z), (10.96) 


where X(z), Y(z), and H(z) are the z-transforms of the system input, output, and impulse 
response, respectively. H(z) is referred to as the system function or transfer function of the 
system. For z evaluated on the unit circle (i.e., for z = e/*), H(z) reduces to the frequency 
response of the system, provided that the unit circle is in the ROC for H(z). Also, from 
our discussion in Section 3.2, we know that if the input to an LTI system is the complex 
exponential signal x[n] = z”, then the output will be H(z)z”. That is, 2" is an eigenfunction 
of the system with eigenvalue given by H(z), the z-transform of the impulse response. 

Many properties of a system can be tied directly to characteristics of the poles, zeros, 
and region of convergence of the system function, and in this section we illustrate some 
of these relationships by examining several important system properties and an important 
class of systems. 
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TABLE 10.2 SOME COMMON z-TRANSFORM PAIRS 





























Signal Transform ROC 
1. ó[n] 1 Allz 
2. u[n] I ; k| > 1 
1 
3. -u[-n = 1] D |2] < 1 
4. 6[n — m] а" АП z, except 
0 (if т > О) or 
æ (if m < 0) 
5. a"u[n] —— z| > |а 
Iz! 
1 
6. —a"u[-n— 1] - z| < |а 
l- az! 
=| 
n az 7 [7 
7. па"и[п] ie z|> la 
az" 
= n | < 
8. —na"u[—n— 1] Hac 2 1 
1 — [coswo]z ! 
9. [coseon]u[n] lc su grt 1 > 1 
: [sinwo]z 
. — z| > 
10. [sinwon]u[n] ESI PTATEM: ] 
11. [r" cos oon]u[n] слез z| > 
` 2o 1 — [2r cos оо]! + rz? ке 
: i 
12. [r" sin egn]u[n] [r sin оо] < gc 











1 — [2rcosoo]z ! + ?z? 


10.7.1 Causality 


A causal LTI system has an impulse response [n] that is zero for n < 0, and therefore is 
right-sided. From Property 4 in Section 10.2 we then know that the ROC of H(z) is the 
exterior of a circle in the z-plane. For some systems, e.g., if h[n] = ó[n], so that H(z) = 1, 
the ROC can extend all the way in to and possibly include the origin. Also, in general, for 
a right-sided impulse response, the ROC may or may not include infinity. For example, 
if h[n] = ӧ[л + 1], then H(z) = z, which has a pole at infinity. However, as we saw in 
Property 8 in Section 10.2, for a causal system the power series 


H(z) = > h[n]z " 
п=0 


does not include any positive powers of z. Consequently, the ROC includes infinity. Sum- 
marizing, we have the follow principle: 


A discrete-time LTI system is causal if and only if the ROC of its system function is 
the exterior of a circle, including infinity. 
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If H(z) is rational, then, from Property 8 in Section 10.2, for the system to be causal, 
the ROC must be outside the outermost pole and infinity must be in the ROC. Equivalently, 
the limit of H(z) as z — © must be finite. As we discussed in Section 10.5.9, this is 
equivalent to the numerator of H(z) having degree no larger than the denominator when 
both are expressed as polynomials in z. That is: 


A discrete-time LTI system with rational system function H(z) is causal if and only if: 
(a) the ROC is the exterior of a circle outside the outermost pole; and (b) with H(z) 
expressed as a ratio of polynomials in z, the order of the numerator cannot be greater 
than the order of the denominator. 





Example 10.20 


Consider a system with system function whose algebraic expression is 


Without even knowing the ROC for this system, we can conclude that the system is not 
causal, because the numerator of H(z) is of higher order than the denominator. 





Example 10.21 


Consider a system with system function 


1 1 
Н = SS O 
(z) {еы [oop 


а> 2 (10.97) 
Since the ROC for this system function is the exterior of a circle outside the outermost 
pole, we know that the impulse response is right-sided. To determine if the system is 
causal, we then need only check the other condition required for causality, namely that 
H(z), when expressed as a ratio of polynomials in z, has numerator degree no larger than 
the denominator. For this example, 


341 2.35 
2-52 22 — 3 


EN ол. „== 18 (10.98) 
a-i – 25-0) @-3д+1 


H(z) = 


so that the numerator and denominator of H(z) are both of degree two, and consequently 
we can conclude that the system is causal. This can also be verified by calculating the 
inverse transform of H(z). In particular, using transform pair 5 in Table 10.2, we find 
that the impulse response of this system is 


h[n] = Gy + r! и[п]. (10.99) 





Since h[n] = 0 for п < 0, we can confirm that the system is causal. 


10.7.2 Stability 


As we discussed in Section 2.3.7, the stability of a discrete-time LTI system is equivalent to 
its impulse response being absolutely summable. In this case the Fourier transform of h[n] 
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converges, and consequently, the ROC of H(z) must include the unit circle. Summarizing, 
we obtain the following result: 


An LTI system is stable if and only if the ROC of its system function H(z) includes 


the unit circle, |z| = 1. 





Example 10.22 


Consider again the system function in eq. (10.97). Since the associated ROC is the region 
|z| > 2, which does not include the unit circle, the system is not stable. This can also be 
seen by noting that the impulse response in eq. (10.99) is not absolutely summable. If, 
__ however, we consider a system whose system function has the same algebraic expression 
as in eq. (10.97) but whose ROC is the region 1/2 < |z| < 2, then the ROC does contain 
— the unit circle, so that the corresponding system is noncausal but stable. In this case, 
using transform pairs 5 and 6 from Table 10.2, we find that the corresponding impulse 

. response is 


h[n] = G) u[n] — 2"u[—n — 1], (10.100) 


which is absolutely summable. 
c Also, for the third possible choice of ROC associated with the algebraic expression 
_ for H(z) in eq. (10.97), namely, |z| < 1/2, the corresponding system is neither causal 
(since the ROC is not outside the outermost pole) nor stable (since the ROC does not 
__ include the unit circle). This can also be seen from the impulse response, which (using 
- transform pair 6 in Table 10.2) is 


h[n] — |0) + |а =}, 


As Example 10.22 illustrates, it is perfectly possible for a system to be stable but 
not causal. However, if we focus on causal systems, stability can easily be checked by 
examining the locations of the poles. Specifically, for a causal system with rational system 
function, the ROC is outside the outermost pole. For this ROC to include the unit circle, 
|z| = 1, all of the poles of the system must be inside the unit circle. That is: 


A causal LTI system with rational system function H(z) is stable if and only if all of 


the poles of H(z) lie inside the unit circle—i.e., they must all have magnitude smaller 
than 1. 





Example 10.23 


— Consider a causal system with system function 


1 
A(z) = Icar” 






hich has a pole at z = a. For this system to be stable, its pole must be inside the unit 
ircle, i.e., we must have |a| < 1. This is consistent with the condition for the absolute 
_ summability of the corresponding impulse response h[n] = а"и[п]. 
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Example 10.24 


The system function for a second-order system with complex poles was given in 
eq. (10.69), specifically, 


1 
1 — (2rcos@)z~! + r2z-2’ 





H(z) = (10.101) 


with poles located at zı = re}? and z; = re /^. Assuming causality, we see that the 
ROC is outside the outermost pole (i.e., |z| > |r|). The pole-zero plot and ROC for this 
system are shown in Figure 10.16 for r < 1 and r > 1. For r < 1, the poles are inside 
the unit circle, the ROC includes the unit circle, and therefore, the system is stable. For 
r > 1, the poles are outside the unit circle, the ROC does not include the unit circle, and 
the system is unstable. 


$m Im 
Unit circle Unit circle 






z-plane z-plane 





Re 








(a) (b) 


Figure 10.16 Pole-zero plot for a second-order system with complex poles: 
(а) г< 1; (b) г > 1. 


10.7.3 LTI Systems Characterized by Linear Constant-Coefficient 
Difference Equations 


For systems characterized by linear constant-coefficient difference equations, the proper- 
ties of the z-transform provide a particularly convenient procedure for obtaining the system 
function, frequency response, or time-domain response of the system. Let us illustrate this 
with an example. 


Example 10.25 


Consider an LTI system for which the input x[n] and output y[n] satisfy the linear 
constant-coefficient difference equation 


y[n] — yin — 1] = x[n] + Šan — 1]. (10.102) 
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Applying the z-transform to both sides of eq. (10.102), and using the linearity property 
set forth in Section 10.5.1 and the time-shifting property presented in Section 10.5.2, we 
obtain 


Y() - 5: YQ) = XO + у!) 


or 
1+ 12! | 
Fig Ж) —1— |. (10.103) 
1 = 5© 
From eq. (10.96), then, 
EQ Lge 
H(z) = me T ат (10.104) 


This provides the algebraic expression for H(z), but not the region of convergence. 
In fact, there are two distinct impulse responses that are consistent with the difference 
equation (10.102), one right sided and the other left sided. Correspondingly, there are 


_ two different choices for the ROC associated with the algebraic expression (10.104). 


One, |z| > 1/2, is associated with the assumption that h[n] is right sided, and the other, 
|z| < 1/2, is associated with the assumption that А[л] is left sided. 
Consider first the choice of ROC equal to |z| >1/2 . Writing 


H(z) = ( 4 3) ] 


3 b= ie 


we can use transform pair 5 in Table 10.2, together with the linearity and time-shifting 
properties, to find the corresponding impulse response 


n n-l 
h[n] — (5) u[n] + AG u[n — 1]. 


For the other choice of ROC, namely, |z| < 1/2, we can use transform pair 


_ 6 in Table 10.2 and the linearity and time-shifting properties, yielding 


n n-l 
h[n] — -(5) ü[^5—1]-— 3(3) u[—n]. 


| In this case, the system is anticausal (h[n] = 0 for n > 0) and unstable. 


For the more general case of an Nth-order difference equation, we proceed in a man- 
ner similar to that in Example 10.25, applying the z-transform to both sides of the equation 
and using the linearity and time-shifting properties. In particular, consider an LTI system 
for which the input and output satisfy a linear constant-coefficient difference equation of 


N M 
Sapin- k] = S Ых[п - К]. (10.105) 
k-0 k=0 
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Then taking z-transforms of both sides of eq. (10.105) and using the linearity and time- 
shifting properties, we obtain 


N M 
S> ag *¥(z) = > bz Xo 
k=0 k=0 


or 
N M 
Y()» а = X(z) > Вк *, 
k=0 k=0 
so that 
M 
Y ) A 
_ 1\9 _ k=0 
H(z) = Xu : (10.106) 
>S az 
k=0 


We note in particular that the system function for a system satisfying a linear constant- 
coefficient difference equation is always rational. Consistent with our previous example 
and with the related discussion for the Laplace transform, the difference equation by itself 
does not provide information about which ROC to associate with the algebraic expression 
H(z). An additional constraint, such as the causality or stability of the system, however, 
serves to specify the region of convergence. For example, if we know in addition that the 
system is causal, the ROC will be outside the outermost pole. If the system is stable, the 
ROC must include the unit circle. 


10.7.4 Examples Relating System Behavior to the System Function 


As the previous subsections illustrate, many properties of discrete-time LTI systems can 
be directly related to the system function and its characteristics. In this section, we give 
several additional examples to show how z-transform properties can be used in analyzing 
systems. 


Example 10.26 


Suppose that we are given the following information about an LTI system: 
1. If the input to the system is x[n] = (1/6)" u[n], then the output is 


LY’ 1ү 
yin] = 0) + 1of3) м 
where а is a real number. 


2. If xo[n] = (—1)", then the output is y2[n] = ic 1)". As we now show, from 
these two pieces of information, we can determine the system function H(z) for this 
ystem, including the value of the number a, and can also immediately deduce a number 
f other properties of the system. 

The z-transforms of the signals specified in the first piece of information are 
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1 
X\(z) = Р H*g (10.107) 
i= 62 l 6 
a 10 
Y\(z) = Pie d us rx 
: : (10.108) 


(а + 10) – (5 + 5)27! 
- 3 ; ms 
-eiei 5472 


From eq. (10.96), it follows that the algebraic expression for the system function is 








Y [Ка + 10) – (5 + Sz 'I1 = 2271] 
H(z) = XO E: (1— ТИҢ — 12-1) Е, (10.109) 
2 3 
Furthermore, we know that the response to x;[n] = (— 1)" must equal (— 1)" multiplied 
by the system function H(z) evaluated at z — — 1. Thus from the second piece of infor- 
mation given, we see that 
7 [(а + 10)+ 5+ #][7] 
амну =" (10.110) 
4 GG) 
= Solving eq. (10.110), we find that a = —9, so that 
(1—2z77X1 — $275) 
H(z) = ——1————5——, (10.111) 
(00 - pet) 
ог 
1— 137-1 + 1272 
жй = ——— 3, (10.112) 
Leg ag 
or, finally, 
2— 13,41 
но = ——8*" 3. (10.113) 
кез E 


Also, from the convolution property, we know that the ROC of Y,(z) must include 
at least the intersections of the ROCs of X,(z) and H(z). Examining the three possible 
ROCs for H(z) (namely, |z| < 1/3, 1/3 < |z| < 1/2, and |z| > 1/2), we find that the only 
choice that is consistent with the ROCs of X;(z) and ¥;(z) is |z| > 1/2. 
Since the ROC for the system includes the unit circle, we know that the system 
is stable. Furthermore, from eq. (10.113) with H(z) viewed as a ratio of polynomials in 
_ 2, the order of the numerator does not exceed that of the denominator, and thus we can 
_ conclude that the LTI system is causal. Also, using eqs. (10.112) and (10.106), we can 

write the difference equation that, together with the condition of initial rest, characterizes 
— the system: 


y[n] — on - 1] + у — 2] = x[n] - 33 dw 1] + aln x». 


6 
Example 10.27 
С Consider a stable and causal system with impulse response A[n] and rational system 


А function H(z). Suppose it is known that H(z) contains a pole at z = 1/2 and а zero 
= somewhere on the unit circle. The precise number and locations of all of the other poles 
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-.. and zeros are unknown. For each of the following statements, let us determine whether 
_ we can definitely say that it is true, whether we can definitely say that it is false, or 
_ whether there is insufficient information given to determine if it is true or not: 


(a) 9 [ (1/2) h[n]] converges. 

(b) H(e/?) = 0 for some о. 

(c) h[n] has finite duration. 

(d) h[n] is real. 

(e) g[n] = n[A[n] * h[n]] is the impulse response of a stable system. 


: Statement (a) is true. 9 | (1/2)" h[n]] corresponds to the value of the z-transform of 
— h[n]at z = 2. Thus, its convergence is equivalent to the point z = 2 being in the ROC. 
Since the system is stable and causal, all of the poles of H(z) are inside the unit circle, 
- — and the ROC includes all the points outside the unit circle, including z = 2. 

Statement (b) is true because there is a zero on the unit circle. 
Statement (c) is false because a finite-duration sequence must have an ROC that 
- includes the entire z-plane, except possibly z = 0 and/or z = ~. This is not consistent 

with having a pole atz — 1/2. 

Statement (d) requires that H(z) = H'(z'). This in turn implies that if there is 
а pole (zero) at a nonreal location z = zo, there must also be a pole (zero) at z = г. 
Insufficient information is given to validate such a conclusion. 

Statement (e) is true. Since the system is causal, A[n] = 0 for n < 0. Conse- 
quently, A[n] * h[n] = О for n < 0; i.e., the system with A[n] * h[n] as its impulse re- 
sponse is causal. The same is then true for g[n] = n[h[n] * A[n]]. Furthermore, by the 
convolution property set forth in Section 10.5.7, the system function corresponding to 
the impulse response A[n] * h[n] is H?(z), and by the differentiation property presented 

_ in Section 10.5.8, the system function corresponding to g[n] is 


G(z) = -:4 н - -xno | ruo). (10.114) 
z dz 


From eq. (10.114), we can conclude that the poles of G(z) are at the same locations as 
those of H(z), with the possible exception of the origin. Therefore, since H(z) has all its 
poles inside the unit circle, so must G(z). It follows that g[n] is the impulse response of 
a causal and stable system. 


10.8 SYSTEM FUNCTION ALGEBRA AND BLOCK DIAGRAM 
REPRESENTATIONS 


Just as with the Laplace transform in continuous time, the z-transform in discrete time 
allows us to replace time-domain operations such as convolution and time shifting with 
algebraic operations. This was exploited in Section 10.7.3, where we were able to replace 
the difference-equation description of an LTI system with an algebraic description. The 
use of the z-transform to convert system descriptions to algebraic equations is also helpful 
in analyzing interconnections of LTI systems and in representing and synthesizing systems 
as interconnections of basic system building blocks. 
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10.8.1 System Functions for Interconnections of LTI Systems 


The system function algebra for analyzing discrete-time block diagrams such as series, 
parallel, and feedback interconnections is exactly the same as that for the corresponding 
continuous-time systems in Section 9.8.1. For example, the system function for the cascade 
of two discrete-time LTI systems is the product of the system functions for the individual 
systems in the cascade. Also, consider the feedback interconnection of two systems, as 
shown in Figure 10.17. It is relatively involved to determine the difference equation or im- 
pulse response for the overall system working directly in the time domain. However, with 
the systems and sequences expressed in terms of their z-transforms, the analysis involves 
only algebraic equations. The specific equations for the interconnection of Figure 10.17 
exactly parallel eqs. (9.159)—-(9.163), with the final result that the overall system function 
for the feedback system of Figure 10.17 is 

Y(z) H(z) 


sn = Н(2) = 


X(z) 1 + Hi(Ho(z) Uo) 


у[п] 


H»(z) 
ho[n] Figure 10.17 Feedback intercon- 
nection of two systems. 


10.8.2 Block Diagram Representations for Causal LTI Systems 
Described by Difference Equations and Rational 
System Functions 





As in Section 9.8.2, we can represent causal LTI systems described by difference equations 
using block diagrams involving three basic operations—in this case, addition, multiplica- 
tion by a coefficient, and a unit delay. In Section 2.4.3, we described such a block diagram 
for a first-order difference equation. We first revisit that example, this time using system 
function algebra, and then consider several slightly more complex examples to illustrate 
the basic ideas in constructing block diagram representations. 


Example 10.28 


Consider the causal LTI system with system function 





H(z) = i= (10.116) 


27! 


ы = 





.. Using the results in Section 10.7.3, we find that this system can also be described by the 
- difference equation 


yin] - дп - 1] = xin] 
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together with the condition of initial rest. In Section 2.4.3 we constructed a block diagram 
' representation for a first-order system of this form, and an equivalent block diagram 
(corresponding to Figure 2.28 with a — —1/4 and b — 1) is shown in Figure 10.18(a). 
_ Here, z ' is the system function of a unit delay. That is, from the time-shifting property, 
he input and output of this system are related by 


w[n] = y[n — 1]. 


. The block diagram in Figure 10.18(a) contains a feedback loop much as for the sys- 

tem considered in the previous subsection and pictured in Figure 10.17. In fact, with 

some minor modifications, we can obtain the equivalent block diagram shown in Fig- 

ure 10.18(b), which is exactly in the form shown in Figure 10.17, with H;(z) = 1 and 

H;(z) = – 10427. Then, applying eq. (10.115), we can verify that the system function 
of the system in Figure 10.18 is given by eq. (10.116). 


x[n] у[п] 


(а) 
+ 
| dul | 
(b) 
Figure 10.18 (а) Block diagram representations of the causal LTI system 
in Example 10.28; (b) equivalent block diagram representation. 





Example 10.29 


Suppose we now consider the causal LTI system with system function 
pe =f 
H(z) = 1 3и - ==) = 2271), (10.117) 
— Вот 1- z! 


As eq. (10.117) suggests, we can think of this system as the cascade of a system with 
system function 1/[1 — (1/4)z~'] and one with system function 1 — 2z~!. We have il- 
lustrated the cascade in Figure 10.19(a), in which we have used the block diagram in 
Figure 10.18(a) to represent 1/[1 — (1/4)z~']. We have also represented 1 — 227! using 
a unit delay, an adder, and a coefficient multiplier. Using the time-shifting property, we 
then see that the input у[л] and output у[л] of the system with system function 1 — 227! 
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are related by 
y[n] = v[n] — 2v[n - 1]. 


While the block diagram in Figure 10.19(a) is certainly a valid representation of 
the system in eq. (10.117), it has an inefficiency whose elimination leads to an alternative 
block-diagram representation. To see this, note that the input to both unit delay elements 
in Figure 10.19(a) is v[n], so that the outputs of these elements are identical; i.e., 


w[n] = s[n] = v[n — 1]. 


Consequently, we need not keep both of these delay elements, and we can simply use 
the output of one of them as the signal to be fed to both coefficient multipliers. The result 
is the block diagram representation in Figure 10.19(b). Since each unit delay element 
requires a memory register to store the preceding value of its input, the representation in 
Figure 10.19(b) requires less memory than that in Figure 10.19(a). 











x[n] у[п] 
у[п] 
(b) 
Figure 10.19 (а) Block-diagram representations for the system in Exam- 
ple 10.29; (b) equivalent block-diagram representation using only one unit de- 
lay element. 
Example 10.30 
Next, consider the second-order system function 
1 1 
H(z) = (10.118) 


(+ ge = gent) c 14 det ~ 7 


which is also described by the difference equation 


у[п] + pln == pr — 2] = x[n]. (10.119) 
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Using the same ideas as in Example 10.28, we obtain the block-diagram representation 
for this system shown in Figure 10.20(a). Specifically, since the two system function 
blocks in this figure with system function 2! are unit delays, we have 


fin) = yin- 1], 
еп] = fin- 1] = yin - 2], 


© so that eq. (10.119) can be rewritten as 


yin) = —уїл—1]+ ул — 2] + xb 


х[п] у[п] 





yin] 





Figure 10.20  Block-diagram representations for the system in Exam- 
ple 10.30: (a) direct form; (b) cascade form; (c) parallel form. 
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or 
[n] = i [n] 1 әй [л] 
yin fin] + sein + x[n], 


which is exactly what the figure represents. 

The block diagram in Figure 10.20(a) is commonly referred to as a direct-form 
representation, since the coefficients appearing in the diagram can be determined by 
inspection from the coefficients appearing in the difference equation or, equivalently, 
the system function. Alternatively, as in continuous time, we can obtain both cascade- 

_ form and parallel-form block diagrams with the aid of a bit of system function algebra. 
Specifically, we can rewrite eq. (10.118) as 


1 1 
= == a n t 10.120 
no- its) ш 


which suggests the cascade-form representation depicted in Figure 10.20(b) in which 
the system is represented as the cascade of two systems corresponding to the two factors 
in eq. (10.120). 

Also, by performing a partial-fraction expansion, we obtain 







2 


1 
N= Ft ет 
L+ so Ree 


which leads to the parallel-form representation depicted in Figure 10.20(c). 


Example 10.31 


Finally, consider the system function 
1 
H(z) = i (10.121) 


Writing 





^ 1 UTE УЕ. 
H(z) = ( iint JU 20 gt ) (10.122) 


suggests representing the system as the cascade of the system in Figure 10.20(a) and the 
_ system with system function 1 — 127! — 1272. However, as in Example 10.29, the unit 

delay elements needed to implement the first term in eq. (10.122) also produce the de- 
_ layed signals needed in computing the output of the second system. The result is the 
direct-form block diagram shown in Figure 10.21, the details of the construction of which 
are examined in Problem 10.38. The coefficients in the direct-form representation can 
be determined by inspection from the coefficients in the system function of eq. (10.121). 
We can also write H(z) in the forms 


1+ iz! \/1 -2z 
Hz) = 1 | —  — y 
(z) ( E iD It = | (10 123) 


4 
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Figure 10.21  Direct-form representation for the system in Example 10.31. 


_ and 





H(2-4-* (10.124) 


Eq. (10.123) suggests a cascade-form representation, while eq. (10.124) leads to a 
- parallel-form block diagram. These are also considered in Problem 10.38. 


The concepts used in constructing block-diagram representations in the preceding 
examples can be applied directly to higher order systems, and several examples are con- 
sidered in Problem 10.39. As in continuous time, there is typically considerable flexibility 
in doing this—e.g., in how numerator and denominator factors are paired in a product rep- 
resentation as in eq. (10.123), in the way in which each factor is implemented, and in the 
order in which the factors are cascaded. While all of these variations lead to representa- 
tions of the same system, in practice there are differences in the behavior of the different 
block diagrams. Specifically, each block-diagram representation of a system can be trans- 
lated directly into a computer algorithm for the implementation of the system. However, 
because the finite word length of a computer necessitates quantizing the coefficients in the 
block diagram and because there is numerical roundoff as the algorithm operates, each of 
these representations will lead to an algorithm that only approximates the behavior of the 
original system. Moreover, the errors in each of these approximations will be somewhat 
different. Because of these differences, considerable effort has been put into examining 
the relative merits of the various block-diagram representations in terms of their accuracy 
and sensitivity to quantization effects. For discussions of this subject, the reader may turn 
to the references on digital signal processing in the bibliography at the end of the book. 


10.9 THE UNILATERAL z-TRANSFORM 


The form of the z-transform considered thus far in this chapter is often referred to as the 
bilateral z-transform. As was the case with the Laplace transform, there is an alterna- 
tive form, referred to as the unilateral z-transform, that is particularly useful in analyzing 
causal systems specified by linear constant-coefficient difference equations with nonzero 
initial conditions (i.e., systems that are not initially at rest). In this section, we introduce 
the unilateral z-transform and illustrate some of its properties and uses, paralleling our 
discussion of the unilateral Laplace transform in Section 9.9. 
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The unilateral z-transform of a sequence x[n] is defined as 


© 


X= > ae": (10.125) 


n=0 


As in previous chapters, we adopt a convenient shorthand notation for a signal and its 
unilateral z-transform: 


x[n] «== Xe) = UZ{ xil). (10.126) 


The unilateral z-transform differs from the bilateral transform in that the summation is 
carried out only over nonnegative values of n, whether or not x[n] is zero for n < 0. Thus 
the unilateral z-transform of x[n] can be thought of as the bilateral transform of x[n]u[n] 
(i.e., x[n] multiplied by a unit step). In particular, then, for any sequence that is zero for 
n < 0, the unilateral and bilateral z-transforms will be identical. Referring to the discussion 
of regions of convergence in Section 10.2, we also see that, since x[n]u[n] is always a 
right-sided sequence, the region of convergence of X(z) is always the exterior of a circle. 

Because of the close connection between bilateral and unilateral z-transforms, the 
calculation of unilateral transforms proceeds much as for bilateral transforms, with the 
caveat that we must take care to limit the range of summation in the transform to n > 0. 
Similarly, the calculation of inverse unilateral transforms is basically the same as for bilat- 
eral transforms, once we take into account the fact that the ROC for a unilateral transform 
is always the exterior of a circle. 


10.9.1 Examples of Unilateral z-Transforms and Inverse Transforms 


Example 10.32 
~ Consider the signal 










x[n] = a"u[n]. (10.127) 


Since x[n] = 0, п < 0, the unilateral and bilateral transforms are equal for this example, 
and thus, in particular, 





X(z) = De 4 > Jal. (10.128) 
ue 


Example 10.33 
- Let 
x[n] = a"*'u[n + 1]. (10.129) 


In this case the unilateral and bilateral transforms are not equal, since х[—1] = 1 # 0. 
The bilateral transform is obtained from Example 10.1 and the time-shifting property set 
forth in Section 10.5.2. Specifically, 


Е 2 
X(z) = l^ а > lal. (10.130) 
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In contrast, the unilateral transform is 





© 


Xiz) = У xin” 


n=0 


æ 
n=0 


xo = т. > (10.131) 


Example 10.34 


Consider the unilateral z-transform 


3 — 2 


йа = 
@ = атата 12) 


(10.132) 


In Example 10.9, we considered the inverse transform for a bilateral z-transform X(z) 
of the same form as in eq. (10.132) and for several different ROCs. In the case of the 
unilateral transform, the ROC must be the exterior of the circle of radius equal to the 
largest magnitude of the poles of C(z)—in this instance, all points z with |z| > 1/3. We 
can then invert the unilateral transform exactly as in Example 10.9, yielding 


x[n] = (i) u[n] + A3) u[n] for n=O. (10.133) 


In eq. (10.133), we have emphasized the fact that inverse unilateral z-transforms provide 
us with information about x[n] only for n > 0. 





Another approach to inverse transforms introduced in Section 10.3, namely, iden- 
tifying the inverse transforms from the coefficients in the power-series expansion of the 
z-transform, also can be used for unilateral transforms. However, in the unilateral сазе, a 
constraint which must be satisfied is that, as a consequence of eq. (10.125), the power- 
series expansion for the transform cannot contain terms with positive powers of z. For 
instance, in Example 10.13 we performed long division on the bilateral transform 


X(z) = — 


d (10.134) 


in two ways, corresponding to the two possible ROCS for X(z). Only one of these choices, 
namely, that corresponding to the ROC |z| > |а|, led to a series expansion without positive 
powers of z, i.e., 


Еа? E (10.135) 
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and this is the only choice for the expansion if eq. (10.134) represents a unilateral trans- 
form. 

Note that the requirement that X(z) have а power-series expansion with no terms 
with positive powers of z implies that not every function of z can be a unilateral z-transform. 
In particular, if we consider a rational function of z written as a ratio of polynomials in z 
(not in 27 !), i.e., 


p(z) 
q(z) 





(10.136) 


then for this to be a unilateral transform (with the appropriately chosen ROC as the ex- 
terior of a circle), the degree of the numerator must be no bigger than the degree of the 
denominator. 


Example 10.35 


A simple example illustrating the preceding point is given by the rational function in 
_ eq. (10.130), which we can write as a ratio of polynomials in z: 


2 


z 
z—a 





(10.137) 


There .are two possible bilateral transforms that can be associated with this function, 
- namely those corresponding to the two possible ROCs, |z| < |а| and |z| > |а|. The choice 
[> |a| corresponds to a right-sided sequence, but not to a signal that is zero for all n < 0, 

/. Since its inverse transform, which is given by eq. (10.129), is nonzero for n = —1. 
More generally, if we associate eq. (10.136) with the bilateral transform with the 
ROC that is the exterior of the circle with radius given by the magnitude of the largest 
root of g(z), then the inverse transform will certainly be right sided. However, for it to 

. be zero for all n < 0, it must also be the case that degree(p(z)) = degree(q(z)). 


10.9.2 Properties of the Unilateral z-Transform 


The unilateral z-transform has many important properties, some of which are identical to 
their bilateral counterparts and several of which differ in significant ways. Table 10.3 sum- 
marizes these properties. Note that we have not included a column explicitly identifying 
the ROC for the unilateral z-transform for each signal, since the ROC of any unilateral z- 
transform is always the exterior of a circle. For example, the ROC for a rational unilateral 
z-transform is always outside the outermost pole. 

By contrasting this table with the corresponding Table 10.1 for bilateral z-transforms, 
we can gain considerable insight into the nature of the unilateral transform. In particular, 
several properties—namely, linearity, scaling in the z-domain, time expansion, conjuga- 
tion, and differentiation in the z-domain—are identical to their bilateral counterparts, as 
is the initial-value theorem stated in Section 10.5.9, which is fundamentally a unilateral 
transform property, since it requires x[n] = 0 for n < 0. One bilateral property, namely, 
the time-reversal property set forth in Section 10.5.4, obviously has no meaningful coun- 
terpart for the unilateral transform, while the remaining properties differ in important ways 
between the bilateral and unilateral cases. 
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TABLE 10.3 PROPERTIES OF THE UNILATERAL z-TRANSFORM 


Property Signal Unilateral z-Transform 

— x[n] 9C(z) 
== х\[л] (z) 
== x[n] (z) 
Linearity ax,[n] + Ьх›[п] aX,(z) + bX3(z) 
Time delay x[n — 1] 271902) + x[-1] 
Time advance x[n + 1] zX(z) — zx[0] 
Scaling in the z-domain ej" xin] Kfe- oz) 

züx[n] X(z/z) 

a" x[n] (а 'z) 
Time expansion хп] = | Жар. acum X(z*) 

0, nx mk foranym 

Conjugation x[n] Xz) 
Convolution (assuming xi[n] * x[n] Xi (2) XC; (z) 


that х\[л] and x2[n] 
are identically zero for 





n <0) 
First difference x[n] = x[n = 1] (1—!)9(д-л{[-1] 
. Ш 1 
Accumulation 2 x[k] p «(ә 
Differentiation in the nx[n] Е й zx 
z-domain 2 


Initial Value Theorem 
x[0] = lim X(z) 





Let us examine the difference in the convolution property first. Table 10.3 states that 
if х|[л] = x2[n] = 0 for all n < 0, then 


хіп] * xo[n] == X (z) X2(2). (10.138) 


Since in this case the unilateral and bilateral transforms are identical for each of these 
signals, eq. (10.138) follows from the bilateral convolution property. Thus, the system 
analysis and system function algebra developed and used in this chapter apply without 
change to unilateral transforms, as long as we are considering causal LTI systems (for 
which the system function is both the bilateral and the unilateral transform of the impulse 
response) with inputs that are identically zero for n < 0. An example of such application 
is to the accumulation or summation property in Table 10.3. Specifically, if x[n] = 0 for 
n « 0, then 
n uz 1 
> xik = xin] * un] — LOUD = L DT 
k-0 





(10.139) 


As a second example, consider the following: 
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Example 10.36 
— . Consider the causal LTI system described by the difference equation 
y[n] + 3y[n - 1] = x[n], (10.140) 


together with the condition of initial rest. The system function for this system is 


H(z) = (10.141) 


ФР ЧИР 
1+ 3271` 


Suppose that the input to the system is x[n] = au[n], where о is а given constant. In 
this case, the unilateral (and bilateral) z-transform of the output у[л] is 


а 
(1+ 32-701 — 2-1) 





Уа) = Но) = 











(10.142) 
(3/4)а " (1/4)a 
2437! l-z" 
| Applying Example 10.32 to each term of eq. (10.142) yields 
1 3 " 
yin] = al; + Go» jm (10.143) 


An important point to note here is that the convolution property for unilateral z- 
transforms applies only if the signals xı [n] and x2[n] in eq. (10.138) are both identically 
zero for n < 0. While it is generally true that the bilateral transform of x [n] * x? [n] equals 
the product of the bilateral transforms of x; [n] and x2[n], the unilateral transform of x; [n]* 
x[n] in general does not equal the product of the «:nilateral transforms if x; [n] or x2[n] is 
nonzero for п < 0. This point is explored further in Problem 10.41. 

Much of the importance of the unilateral z-transform lies in its application to analyz- 
ing causal systems and, in particular, systems characterized by linear constant-coefficient 


- difference equations with possibly nonzero initial conditions. In Section 10.7 we saw 


how the bilateral transform— particularly the shifting property for bilateral z-transforms— 
could be used to analyze and compute solutions for LTI systems characterized by such 
difference equations, together with the assumption of initial rest. As we will now see, 
the shifting property for unilateral transforms, which differs from its bilateral counterpart, 
plays an analogous role for initialized systems. 

To develop the shifting property for the unilateral transform, consider the signal 


yin] = x[n — 1]. (10.144) 
Then 


© 


Y(z) = > хіп - 12" 


n=0 


х{—1] + b» x[n — 1]z " 


п= 1 


х{—1] + У x[n]z "*9, 


п=0 
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or 
Уа = x[-1] +271 У x[n]z ", (10.145) 
n=0 
so that 
Yz) = x[-1] +: 192). (10.146) 
By repeated application of eq. (10.146), the unilateral transform of 
w[n] = y[n — 1] = x[n — 2] (10.147) 
is 
Wz) = x[-2] + x[-1]z ! + 272909). (10.148) 


Continuing this iterative procedure, we can also determine the unilateral transform of x[n— 
m] for any positive value of т. 

Eq. (10.146) is sometimes referred to as the time delay property, since y[n] in 
eq. (10.144) is a delayed version of x[n]. There is also a time advance property for 
unilateral transforms that relates the transform of an advanced version of x[n] to X(z). 
Specifically, as shown in Problem 10.60, 


zin 4-1] ах zt) — DIO]. (10.149) 


10.9.3 Solving Difference Equations Using the Unilateral 
z-Transform 


The following example illustrates the use of unilateral z-transforms and the time delay 
property to solve linear constant-coefficient difference equations with nonzero initial con- 
ditions: 


Example 10.37 


— — Consider again the difference equation (10.140) with x[n] = au[n] and with the initial 
— condition 








y[-1] = B. (10.150) 


Applying the unilateral transform to both sides of eq. (10.140) and using the linearity 
and time delay properties, we obtain 


UWz) + 3B + 32 (2) = ТЕР (10.151) 

Solving for Y(z) yields 
C a a TENE RM 10.152 
= ткз ü43£73- zy (10.152) 
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Referring to Example 10.36 and, in particular, eq. (10.142), we see that the second 
_ term on the right-hand side of eq. (10.152) equals the unilateral z-transform of the re- 
sponse of the system when the initial condition in eq. (10.150) is zero (В = 0). That is, 
_ this term represents the response of the causal LTI system described by eq. (10.140), to- 
. gether with the condition of initial rest. As in continuous-time, this response is frequently 
referred to as the zero-state response, i.e., the response when the initial condition or state 
| is zero. 

The first term on the right-hand side of eq. (10.152) is interpreted as the unilateral 
| transform of the zero-input response—i.e., the response of the system when the input 
| is zero (a = 0). The zero-input response is a linear function of the value 8 of the ini- 
. tial condition. Moreover, eq. (10.152) illustrates the fact that the solution of a linear 
constant-coefficient difference equation with nonzero initial state is the superposition of 
_ the zero-state and zero-input responses. The zero-state response, obtained by setting the 
, initial condition to zero, corresponds to the response of the causal LTI system defined by 
‚ the difference equation and the condition of initial rest. The zero-input response is the re- 
_ sponse to the initial condition alone with the input set to zero. Problems 10.20 and 10.42 
provide other examples illustrating the use of unilateral transforms to solve difference 
` equations with nonzero initial conditions. 

| Finally, for any values of a and B, we can expand Y(z) in eq. (10.152) by the 
‚ method of partial fractions and invert the result to obtain у[л]. For example, if a = 8 
| and B = 1, 


3 2 


Yz) к= ТЗТ” l= 


(10.153) 


, and applying the unilateral transform pair in Example 10.32 to each term yields 


yin] = [3(-3)" + 2]u[n], forn = 0. (10.154) 


10.10 SUMMARY 


In this chapter, we have developed the z-transform for discrete-time signals and systems. 
The discussion and development closely paralleled the corresponding treatment of the 
Laplace transform for continuous-time signals, but with some important differences. For 
example, in the complex s-plane the Laplace transform reduces to the Fourier transform on 
the imaginary axis, whereas in the complex z-plane the z-transform reduces to the Fourier 
transform on the unit circle. For the Laplace transform the ROC consists of a strip or 
half-plane (i.e., a strip extending to infinity in one direction), whereas for the z-transform 
the ROC is a ring, perhaps extending outward to infinity or inward to include the origin. 
As with the Laplace transform, time-domain characteristics such as the right-sided, left- 
sided, or two-sided nature of a sequence and the causality or stability of an LTI system 
can be associated with properties of the region of convergence. In particular, for rational 
z-transforms, these time-domain characteristics can be associated with the pole locations 
in relation to the region of convergence. 

Because of the properties of z-transforms, LTI systems, including those described 
by linear constant-coefficient difference equations, can be analyzed in the transform do- 
main by algebraic manipulations. System function algebra also is a very useful tool for 
the analysis of interconnections of LTI systems and for the construction of block diagram 
representations of LTI systems described by difference equations. 
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For the most part in this chapter, we have focused on bilateral z-transforms. However, 
as with the Laplace transform, we have also introduced a second form of the z-transform 
known as the unilateral z-transform. The unilateral transform, which can be viewed as the 
bilateral transform of a signal whose values for n « 0 have been set to zero, is particularly 
useful for analyzing systems described by linear constant-coefficient difference equations 
with nonzero initial conditions. 


Chapter 10 Problems | 


The first section of problems belongs to the basic category, and the answers are pro- 


vided in the back of the book. The remaining three sections contain problems belonging 
to the basic, advanced, and extension categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


10.1. 


10.2. 


10.3. 


10.4. 


10.5. 


Determine the constraint on r = |z| for each of the following sums to converge: 


(a) > Gyles (b) Sarg 


п=—1 n-l 


() SRS" (а) »'G)yYcos(20z" 
n=0 


п= —2 


Consider the signal 
x[n] = T | u[n — 3] 
5 ) 


Use ед. (10.3) to evaluate the z-transform of this signal, and specify the corre- 
sponding region of convergence. 


Let 
x[n] = (—1)"u[n] + a" u[—n — по]. 


Determine the constraints on the complex number « and the integer ng, given that 
the ROC of X(z) is 


1 « |z <2. 


Consider the signal 


= (1)" cos(Zn), n <0 

x[n] | 0 4 азр? 

Determine the poles and КОС for X(z). 

For each of the following algebraic expressions for the z-transform of a signal, 


determine the number of zeros in the finite z-plane and the number of zeros at 
infinity. 
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10.6. 


107. 


10.8. 


10.9. 


10.10. 
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(C uc) 
(1—14—!)(1— er") 
=a 2 
(1 — 32-1 — 45-7) 
£z - 2) 
(4 — iz Y + 1271) 
Let x[n] be an absolutely summable signal with rational z-transform X(z). If X(z) 
is known to have a pole at z — 1/2, could x[n] be 
(a) a finite-duration signal? 
(b) a left-sided signal? 
(c) a right-sided signal? 
(d) a two-sided signal? 
Suppose that the algebraic expression for the z-transform of x[n] is 


(a) 


(b) 


(c) 





Se i рч чр сат 
(I 32 XX 227! 4- 77) 


How many different regions of convergence could correspond to X(z)? 
Let x[n] be a signal whose rational z-transform X(z) contains a pole at z — 1/2. 


Given that 
xin] = Н x[n] 


is absolutely summable and 
1 n 
x[n] = (8) x[n] 


is not absolutely summable, determine whether x[n] is left sided, right sided, or 
two sided. 


Using partial-fraction expansion and the fact that 


2 
а"и[п] —> ——, |4 > lal, 
1—а:1! 
find the inverse z-transform of 
1-12"! 
Xz) = 3 а> 2. 


С —2 XI 422 1)" 
Consider the following algebraic expression for the z-transform X(z) of a signal 
x[n]: 


X(z) = ——. 
ч 1+ iz 


10.11. 


10.12. 


10.13. 


10.14. 
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(a) Assuming the ROC to be |z| > 1/3, use long division to determine the values 
of x[0], x[1], and x[2]. 

(b) Assuming the ROC to be |z| < 1/3, use long division to determine the values 
of x[0], x[—1], and х[— 2]. 


Find the inverse z-transform of 


1 1,024— z~!0 
X2) = ps 


—— ‚ || 0. 

1024| 1—1! | А 

By considering the geometric interpretation of ће magnitude of the Fourier trans- 
form from the pole-zero plot, determine, for each of the following z-transforms, 
whether the corresponding signal has an approximately lowpass, bandpass, or 
highpass characteristic: 


1 
2 

(а) Xz) = ———, [|> 

1+ 827! 
b) X(z) = 2 „|| > 
(0 А 16.187 8 е 
@ X() 9 1, ld 

ja Bs Р 


Consider the rectangular signal 


xin) = L 0snss 
0, otherwise ` 


Let 


gln] = x[n] — x[n — 1]. 


(a) Find the signal g[n] and directly evaluate its z-transform. 
(b) Noting that 


n 
хіп] = > gik], 
use Table 10.1 to determine the z-transform of x[n]. 
Consider the triangular signal 
n-h 2sns;T 
gin] 2413-5», 8-n«x12. 
0, otherwise 


(a) Determine the value of no such that 
gin] = x[n] * x[n — no], 


where x[n] is the rectangular signal considered in Problem 10.13. 

(b) Use the convolution and shift properties in conjunction with X(z) found in 
Problem 10.13 to determine G(z). Verify that your answer satisfies the initial- 
value theorem. 
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10.15. Let 
y[n] = (5) u[n]. 


Determine two distinct signals such that each has a z-transform X(z) which satisfies 
both of the following conditions: 

1. [X(z) + X(-2)2 = Ү(?). 

2. X(z) has only one pole and only one zero in the z-plane. 

10.16. Consider the following system functions for stable LTI systems. Without utilizing 
the inverse z-transform, determine in each case whether or not the corresponding 
system is causal. 

1 3271 + 12 


-2 


(8) —————— 
z= 0 — аг 
1 
Z—sz 
() —1.—3 
Z tal- 1g 
gs] 
(О) а 
e — 5272—8279 


10.17. Suppose we аге given the following буе facts about a particular LTI system $ with 
impulse response A[n] and z-transform H(z): 

. h[n] is real. 

. h[n] is right sided. 

s lim. H(z) = 1. 

. H(z) has two zeros. 

. H(z)has one of its poles at a nonreal location on the circle defined by |z| = 3/4. 
Answer the following two questions: 
(a) Is S causal? (b) Is S stable? 

10.18. Consider a causal LTI system whose input x[n] and output у[л] are related through 
the block diagram representation shown in Figure P10.18. 


Und WN == 





Figure P10.18 


(a) Determine a difference equation relating y[n] and x[n]. 
(b) Is this system stable? А 

10.19. Determine the unilateral z-transform of each of the following signals, and specify 
the corresponding regions of convergence: 
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(a) xin] = (4)"u[n + 5] 
(b) x2[n] = [л + 3] + ó[n]  2"u[-n] 
(е) x3[n] = (5)" 
10.20. Consider a system whose input х[п] and output у[л] are related by 
y[n — 1] * 2y[n] = x[n]. 
(a) Determine the zero-input response of this system if y[—1] = 2. 
(b) Determine the zero-state response of the system to the input х[л] = (1/4)"u[n]. 


(c) Determine the output of the system for n = 0 when x[n] = (1/4)"u[n] and 
yF = 2. 


BASIC PROBLEMS 


10.21. Determine the z-transform for each of the following sequences. Sketch the pole- 
zero plot and indicate the region of convergence. Indicate whether or not the Fourier 
transform of the sequence exists. 


(a) ô[n + 5] (b) ô[n — 5] 
(с) C7 D"u[n] (d) (2)"*'u[n +3] 
(е) (-})"u[-n - 2] (0) Gufs – n] 


(в) 2"u{—n] + ("u[n - 1] (b) G"? un - 2] 

10.22. Determine the z-transform for the following sequences. Express all sums in closed 
form. Sketch the pole-zero plot and indicate the region of convergence. Indicate 
whether the Fourier transform of the sequence exists. 

(a) GY'(u[n + 4] -u[n – 5} (b) aG)" 
(с) |9105)" (d) 4" cos[ n + Z]u[-n — 1] 

10.23. Following are several z-transforms. For each one, determine the inverse z-transform 
using both the method based on the partial-fraction expansion and the Taylor's se- 
ries method based on the use of long division. 











] 1 
X(z) = y >» 
(z) =i {> 
leg 1 
X(z) = ‚ @| <=. 
1— ir? a<z 
-1 1 
» 1 75 1 
Жш = ; тг, 142 5: 
Е р. 
s2 RE L 
AG) = T pad; 
_{ І 1 
X(z) = E dz 
 — iz!» ug 
—| T 1 
X(z) = = , z < =. 
, (1 — 5х1) 9 <2 


802 


10.24. 


10.25. 


10.26. 


10.27. 


10.28. 


10.29. 
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Using the method indicated, determine the sequence that goes with each of the 
following z-transforms: 
(a) Partial fractions: 


1-27! | 
Xz) = eho +e and x[n] is absolutely summable. 


(b) Long division: 


]e 
X(z) = =, and x[n] is right sided. 
1 + sz! 


(c) Partial fractions: 


3 

X(z) = = 5 and x[n] is absolutely summable. 

a X 8 

Consider a right-sided sequence x[n] with z-transform 

» 1 

п) 

(a) Carry out а partial-fraction expansion of ед. (P10.25--1) expressed as a ratio 
of polynomials in z~', and from this expansion, determine x[n]. 

(b) Rewrite eq. (P10.25—1) as a ratio of polynomials in z, and carry out a partial- 
fraction expansion of X(z) expressed in terms of polynomials in z. From this 
expansion, determine x[n], and demonstrate that the sequence obtained is 
identical to that obtained in part (a). 


Consider a left-sided sequence x[n] with z-transform 
1 
ü- 320-2) 
(a) Write X(z) as a ratio of polynomials in z instead of z^ 1. 
(b) Using a partial-fraction expression, express X(z) as a sum of terms, where each 
term represents a pole from your answer in part (a). 
(с) Determine х[л]. 
A right-sided sequence х[л] has z-transform 
32710 +277 — §2-2 + 47! +1 
g Bog E> 





X(z) (P10.25-1) 


X(z) = 





X(z) = 


Determine x[n] for n < 0. 
(a) Determine the z-transform of the sequence 
x[n] = ó[n] — 0.95 ó[n — 6]. 

(b) Sketch the pole-zero pattern for the sequence in part (a). 

(c) By considering the behavior of the pole and zero vectors as the unit circle 
is traversed, develop an approximate sketch of the magnitude of the Fourier 
transform of x[n]. 

By considering the geometric determination of the frequency response as discussed 


in Section 10.4, sketch, for each of the pole-zero plots in Figure P10.29, the mag- 
nitude of the associated Fourier transform. 
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Unit circle Unit circle 





Im 








Unit circle 


Re 


(d) 


Unit circle 


Circle of radius 0.9 


(e) 


Figure P10.29 
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10.30. 


10.31. 


10.32. 


10.33. 


Consider a signal y[n] which is related to two signals x; [n] апа x2[n] by 
yla] = x1 [n + 3] * xo[7 + 1] 
where 


п 


xi[n] = G) u[n] and x[n] = (s) u[n]. 


+ 


Given that 


1 
Iaz” |2] > lal, 


Ж 
а"и[п] <> 


use properties of the z-transform to determine the z-transform Y(z) of y[n]. 


We are given the following five facts about a discrete-time signal x[n] with z- 
transform X(z): 
1. x[n] is real and right-sided. 
2. X(z) has exactly two poles. 
3. X(z) has two zeros at the origin. 
4. X(z) has a pole atz = ;e/7^. 
5. X(1) = $, 
Determine X(z) and specify its region of convergence. 
Consider an LTI system with impulse response 


n > 
на -[T л<о 


and input 
ael = 1, OSn=N-1] 
0, otherwise 


(a) Determine the output у[л] by explicitly evaluating the discrete convolution of 
x[n] and A[n]. 

(b) Determine the output y[n] by computing the inverse z-transform of the product 
of the z-transforms of the input and the unit sample response. 


(a) Determine the system function for the causal LTI system with difference equa- 
tion 


1 
Ит] — уэїл — 1] + ууп — 2] = эл}, 


(b) Using z-transforms, determine y[n] if 


x[n] = (5) и[п]. 


10.34. 


10.35. 


10.36. 





10.38. 
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A causal LTI system is described by the difference equation 
yin] = yin — 1] + yin — 2] + x[n — 1]. 


(a) Find the system function H(z) = Y(z)/X(z) for this system. Plot the poles and 
zeros of H(z) and indicate the region of convergence. 

(b) Find the unit sample response of the system. 

(c) You should have found the system to be unstable. Find a stable (noncausal) 
unit sample response that satisfies the difference equation. 


Consider an LTI system with input x[n] and output y[n] for which 
5 
yİn = 1] — 501] + уп + 1] = x[n]. 


The system may or may not be stable or causal. 

By considering the pole-zero pattern associated with the preceding differ- 
ence equation, determine three possible choices for the unit sample response of 
the system. Show that each choice satisfies the difference equation. 

Consider the linear, discrete-time, shift-invariant system with input x[n] and output 
y[n] for which 


yv = 1] - yin] + yin + 1] = и) 


The system is stable. Determine the unit sample response. 


. The input x[n] and output y[n] of a causal LTI system are related through the 


block-diagram representation shown in Figure P10.37. 


Figure P10.37 


(a) Determine a difference equation relating y[n] and x[n]. 
(b) Is this system stable? 


Consider a causal LTI system S with input x[n] and a system function specified as 
H(z) = Hi(2)H»(2), 
where 


1 


Hz) ү 
l 1 + 127! Æ 5272 
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and 


eee ae: 
H(z) = 1 4° 25 ^ 


A block diagram corresponding to H(z) may be obtained as a cascade connection 
of a block diagram for H;(z) followed by a block diagram for H»(z). The result is 
shown in Figure P10.38, in which we have also labeled the intermediate signals 


ei[n], е2[п], fili], and fln]. 






ein] fiin] 








езп] fo[n] Figure P10.38 

(a) How is е [n] related to fj [n]? 

(b) How is e»[n] related to f;[n]? 

(c) Using your answers to the previous two parts as a guide, construct a direct- 
form block diagram for S that contains only two delay elements. 


(d) Draw a cascade-form block diagram representation for S based on the obser- 


vation that 
1+ izM T2521 
H(z) = — Сер LO e | 
1 + 22 1 = 34 
(e) Draw a parallel-form block diagram representation for S based on the obser- 
vation that 
5/3 14/3 


H(z) = 4+ – ; 
143271 t= 927! 





10.39. Consider the following three system functions corresponding to causal LTI sys- 











tems: 
H(z) = 
| (lag) + а geht Оу 
1 
H(z) = , 
» ght peel e dani erri) 
1 
H3(z) = 


(=e! + ТАД 2) 


10.40. 
10.41. 


10.42. 
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(a) For each system function, draw a direct-form block diagram. 

(b) For each system function, draw a block diagram that corresponds to the cas- 
cade connection of two second-order block diagrams. Each second-order block 
diagram should be in direct form. 

(c) For each system function, determine whether there exists a block diagram rep- 
resentation which is the cascade of four first-order block diagrams with the 
constraint that all the coefficient multipliers must be real. 


Determine the unilateral z-transform for each of the sequences in Problem 10.21. 
Consider the following two signals: 


Let 9(2) and X,(z) respectively be the unilateral and bilateral z-transforms of 

xi[n], and let X2(z) and X2(z) respectively be the unilateral and bilateral z- 

transforms of x2[n]. 

(a) Take the inverse bilateral z-transform of X\(z)X2(z) to determine g[n] = 
x[n] * x2[n]. 

(b) Take the inverse unilateral z-transform of XC; (z)9Cz(z) to obtain a signal q[n] 
for n = 0. Observe that g[n] and g[n] are not identical for n = 0. 


For each of the following difference equations and associated input and initial con- 
ditions, determine the zero-input and zero-state responses by using the unilateral 
z-transform: 

(a) y[n] + 3y[n — 1] = x[n], 


fn] = (5) нї, 
1} = 1. 


1 " 
(b) y[n] — 51" = 1] = x[n] > 5n = 1], 





x[n] = u[n], 
у[—1] = 0. 
© bi - 5»In — 0 = x[n] - уа{л—1, 
x[n] = u[n], 
y[-1] = 1. 


ADVANCED PROBLEMS 


10.43. 


Consider an even sequence x[n] (i.e., x[n] = x[—n]) with rational z-transform 
X(z). 
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10.44. 


10.45. 


10.46. 
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(a) From the definition of the z-transform, show that 


X(z) = x(z} 
© 


(b) From your results in part (a), show that if a pole (zero) of X(z) occurs at z = Zo, 
then a pole (zero) must also occur at z = 1/20. 
(c) Verify the result in part (b) for each of the following sequences: 
(1) ô[n + 1] + ó[n — 1] 
(2) 8[n + 1] — 38[n] + 8[n — 1] 
Let x[n] be a discrete-time signal with z-transform X(z). For each of the following 
signals, determine the z-transform in terms of X(z): 
(a) Ax[n], where A is the first-difference operator defined by 


Ax[n] = x[n] — x[n — 1] 
_ | x[n/2], neven 
(b) xi[n] Jo | 0, п odd 
(c) xi[n] = x[2n] 
Determine which of the following z-transforms could be the transfer function of 


a discrete-time linear system that is not necessarily stable, but for which the unit 
sample response is zero for n < 0. State your reasons clearly. 








(1—z7!y (z — 1 
та | xl 
(z 1) = 7° 

d 
(c) aiy (d) 15 


A sequence х[п] is the output of an LTI system whose input is s[n]. The system is 
described by the difference equation 


x[n] = s[n] — e**s[n — 8], 


where 0 « a < 1. 
(a) Find the system function 


X 
Hio = a, 


and plot its poles and zeros in the z-plane. Indicate the region of convergence. 
(b) We wish to recover s[n] from x[n] with an LTI system. Find the system func- 
tion 


Y 
H(z) = xG 


10.47. 


10.48. 
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such that y[n] = s[n]. Find all possible regions of convergence for H2(z), and 
for each, tell whether or not the system is causal or stable. 
(c) Find all possible choices for the unit impulse response /2[n] such that 


y[n] = №[л] * x[n] = s[n]. 


The following is known about a discrete-time LTI system with input x[n] and out- 
put y[n]: 

1. If x[n] = (—2)" for all n, then y[n] = 0 for all n. 

2. If x[n] = (1/2)"u[n] for all n, then y[n] for all n is of the form 


л] = atm} + ад) utn 


where a is a constant. 
(a) Determine the value of the constant a. 
(b) Determine the response y[n] if the input x[n] is 


x[n] = 1, for all n. 


Suppose a second-order causal LTI system has been designed with a real impulse 
response Ау [n] and a rational system function Н} (2). The pole-zero plot for H;(z) 
is shown in Figure P10.48(a). Now consider another causal second-order system 
with impulse response л [п] and rational system function H»(z). The pole-zero plot 
for H2(z) is shown in Figure P10.48(b). Determine a sequence g[n] such that the 
following three conditions hold: 

(1) h;[n] = g[n]hi[n] 

(2) g[n] = Oforn <0 


з) > || = 3 
к=0 





Figure P10.48 
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10.49. In Property 4 of Section 10.2, it was stated that if x[n] is a right-sided sequence and 
if the circle |z| = ro is in the ROC, then all finite values of z for which |z| > rs will 
also be in the ROC. In this discussion an intuitive explanation was given. A more 
formal argument parallels closely that used for Property 4 of Section 9.2, relating 
to the Laplace transform. Specifically, consider a right-sided sequence 


x[n] = 0, п < №, 


and for which 


> |" = У |а" < c. 


п=—® п= № 


Then if ry = ri, 
a © 


> jin" = А > |а", (P10.49-1) 


n=N, п= № 


where A is а positive constant. 

(a) Show that eq. (P10.49-1) is true, and determine the constant A in terms of ro, 
n, and N 1. 

(b) From your result іп part (а), show that Property 4 of Section 10.2 follows. 

(c) Develop an argument similar to the foregoing one to demonstrate the validity 
of Property 5 of Section 10.2. 


10.50. A discrete-time system with the pole-zero pattern shown in Figure P10.50(a) is 
referred to as a first-order all-pass system, since the magnitude of the frequency 
response is constant regardless of frequency. 

(a) Demonstrate algebraically that |H (e/^)| is constant. 
To demonstrate the same property geometrically, consider the vector dia- 
gram in Figure P10.50(b). We wish to show that the length of v2 is proportional 
to the length of v; independently of the frequency w. 


$m 





Unit circle 


N 





ROC: |z|>a 





(a) Figure P10.50a 
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$m 


Unit circle 








(b) Figure P10.50b 


(b) Express the length of v, using the law of cosines and the fact that v; is one leg 
of a triangle for which the other two legs are the unit vector and a vector of 
length a. 

(c) In a manner similar to that in part (b), determine the length of у> and show 
that it is proportional in length to v; independently of w. 


10.51. Consider a real-valued sequence x[n] with rational z-transform X(z). 
(a) From the definition of the z-transform, show that 


X(z) = X' (z^). 


(b) From your result in part (a), show that if a pole (zero) of X(z) occurs at z — zo, 
then a pole (zero) must also occur at z = 2. 

(c) Verify the result in part (b) for each of the following sequences: 
(1) x[n] = G"u[n] 
(2) x[n] = à[n] — $à[n — 1] + 1à[n — 2] 

(d) By combining your results in part (b) with the result of Problem 10.43(b), show 
that for a real, even sequence, if there is a pole (zero) of H(z) at = pe/®, then 
there is also a pole (zero) of H(z) at z = (1/p)e/® and at z = (1/p)e" 9. 

10.52. Consider a sequence x[n] with z-transform X;(z) and a sequence x»[n] with z- 
transform X5(z), where 


x[n] = хү[—п]. 


Show that X2(z) = X,(1/z), and from this, show that if Х| (2) has a pole (or zero) 
at z = zo, then Х›(2) has a pole (or zero) at z = 1/zo. 
10.53. (a) Carry out the proof for each of the following properties in Table 10.1: 
(1) Property set forth in Section 10.5.2 
(2) Property set forth in Section 10.5.3 
(3) Property set forth in Section 10.5.4 


812 


Signals and Systems, Second Edition 





10.54. 


10.55. 


10.56. 


10.57. 


(b) With X(z) denoting the z-transform of x[n] and R, the ROC of X(z), determine, 
in terms of X(z) and R,, the z-transform and associated ROC for each of the 
following sequences: 


(1) x*[n] 


(2) zjx[n], where zo is a complex number 


In Section 10.5.9, we stated and proved the initial-value theorem for causal se- 

quences. 

(a) State and prove the corresponding theorem if x[n] is anticausal (i.e., if x[n] = 
0, п> 0). 

(b) Show that if x[n] = 0, n < 0, then 


x[1] = lim 2(X(z) — х[0]). 


Let x[n] denote а causal sequence (i.e., if x[n] = 0, п < 0) for which x[0] is 

nonzero and finite. 

(a) Using the initial-value theorem, show that there are no poles or zeros of X(z) 
atz = o. 

(b) Show that, as a consequence of your result in part (a), the number of poles 
of X(z) in the finite z-plane equals the number of zeros of X(z) in the finite 
z-plane. (The finite z-plane excludes z = o.) 


In Section 10.5.7, we stated the convolution property for the z-transform. To show 
that this property holds, we begin with the convolution sum expressed as 


oo 


xin] = xin] * xo[n] = >, xilk]xo[n – k].  (P10.56-1) 


К=—® 


(а) By taking the z-transform of eq. (Р10.56—1) and using eq. (10.3), show that 


© 


Хз) = xx) 


= —% 


where X>(z) is the transform of x;[n — К]. 
(b) Using your result in part (a) and property 10.5.2 in Table 10.1, show that 


X3(z) = X2(z) 5 xi[k]z~*. 
(c) From part (b), show that 
X3(z) = Xı(2)X2(2) 
as stated in eq. (10.81). 

Let 

X\(z) = х1[0] + xill]z +: + АМ], 

Xx(z) = x2[0]  x;[1]z^! + -++ + x;[Nz]z ^ ^. 
Define 

Ү(2) = Xj(z)X2(z), 


10.58. 


10.59. 


10.60. 


10.61. 
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and let 


M 
ү) = > ylklz *. 


k=0 


(a) Express M in terms of N, and №. 
(b) Use polynomial multiplication to determine y[0], y[1], and y[2]. 
(c) Use polynomial multiplication to show that, forO = k = M, 


ХК = >, х[т]х[К—т]. 


m- -—«o 


A minimum-phase system is a system that is causal and stable and for which the 
inverse system is also causal and stable. Determine the necessary constraints on the 
location in the z-plane of the poles and zeros of the system function of a minimum- 
phase system. 


Consider the digital filter structure shown in Figure P10.59. 


xin] —>(+) + )— yin} 


Figure P10.59 


(a) Find H(z) for this causal filter. Plot the pole-zero pattern and indicate the re- 
gion of convergence. 

(b) For what values of the k is the system stable? 

(c) Determine y[n] if k = 1 and x[n] = (2/3)" for all n. 

Consider a signal x[n] whose unilateral z-transform is 9C(z). Show that the unilat- 

eral z-transform of y[n] = x[n + 1] may be specified as 


Y(z) = zX(z) — zx[0]. 


If X(z) denotes the unilateral z-transform of x[n], determine, in terms of X(z), the 
unilateral z-transform of: 
(а) x[n+3] (b) xin = 3] (е) 2. .x[K] 


EXTENSION PROBLEMS 


10.62. 


The autocorrelation sequence of a sequence x[n] is defined as 


© 


фух[п] = >, ДЕЫх[п+ К]. 


[=—® 


Determine the z-transform of ¢,,[n] in terms of the z-transform of x[n]. 
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10.63. 


10.64. 


10.65. 


10.66. 


By using the power-series expansion 


© 


i 
log(1— w) = -55 lw| < 1, 


i=l 


determine the inverse of each of the following two z-transforms: 

(a) X(z) = log(1 — 22), |z| < 4 

(b) X(z) = logd — 1271), |] > 4 

By first differentiating X(z) and using the appropriate properties of the z-transform, 
determine the sequence for which the z-transform is each of the following: 

(a) X(z) = log(1 — 22), |z| < 4 

(b) X(z) = log(1 — 4274), |4 >i Н 

Compare your enli, for (a) and Ê) with the results obtained in Problem 10.63, in 
which the power-series expansion was used. 


The bilinear transformation is a mapping for obtaining a rational z-transform H(z) 
from a rational Laplace transform H,(s). This mapping has two important proper- 
ties: 

1. If H,(s) is the Laplace transform of a causal and stable LTI system, then Hg(z) 

is the z-transform of a causal and stable LTI system. 

2. Certain important characteristics of |H-(jw)| are preserved іп |H,(e/“)|. 
In this problem, we illustrate the second of these properties for the case of all-pass 
filters. 
(a) Let 





нав) = © 


+a’ 
where a is real and positive. Show that 
|H-(jw)| = 1. 


(b) Let us now apply the bilinear transformation to H,(s) in order to obtain H4(2). 
That is, 


Ha(z) = Набз) _ сі 


Show that H4(z) has опе pole (which is inside the unit circle) and one zero 
(which is outside the unit circle). 
(c) For the system function H4(z) derived in part (b), show that |Hy(e/”)| = 


The bilinear transformation, introduced in the previous problem, may also be used 
to obtain a discrete-time filter, the magnitude of whose frequency response is sim- 
ilar to the magnitude of the frequency response of a given continuous-time low- 
pass filter. In this problem, we illustrate the similarity through the example of a 
continuous-time second-order Butterworth filter with system function H,(s). 
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(a) Let 
Haz) H.s)| izl. 
mire 


Show that 


Hale?) = Н, \ tan 2) 


(b) Given that 


1 
($ 4-ei*P ys 4- p) 





HAs) = 


and that the corresponding filter is causal, verify that H.(0) = 1, that |H-(jw)| 
decreases monotonically with increasing positive values of w, that |H.( jw )|*= 
1/2 (i.e., that w, = 1 is the half-power frequency), and that Н, (с) = 0. 

(c) Show that if the bilinear transformation is applied to /7,.(s) of part (b) in order 
to obtain H,(z), then the following may be asserted about H,(z) and H,(e/^): 
1. H(z) has only two poles, both of which are inside the unit circle. 
2; H,(e?) = i; 
3. |H,(e/")| decreases monotonically as w goes from 0 to т. 
4. The half-power frequency of H,(e/) is 7/2. 
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LINEAR FEEDBACK SYSTEMS 





11.0 INTRODUCTION 


It has long been recognized that in many situations there are particular advantages to be 
gained by using feedback—that is, by using the output of a system to control or modify 
the input. For example, it is common in electromechanical systems, such as a motor whose 
shaft position is to be maintained at a constant angle, to measure the error between the 
desired and the true position and to use this error in the form of a signal to turn the shaft 
in the appropriate direction. This is illustrated in Figure 11.1, where we have depicted 
the use of a dc motor for the accurate pointing of a telescope. In Figure 11.1(a) we have 
indicated pictorially what such a system would look like, where v(t) is the input voltage 
to the motor and 0(7) is the angular position of the telescope platform. The block diagram 
for the motor-driven pointing system is shown in Figure 11.1(b). A feedback system for 
controlling the position of the telescope is illustrated in Figure 11.1(c), and a block diagram 
equivalent to this system is shown in Figure 11.1(d). The external, or reference, input to 
this feedback system is the desired shaft angle Өр. A potentiometer is used to convert the 
angle into a voltage K,0 proportional to Өр. Similarly, a second potentiometer produces a 
voltage K,@(t) proportional to the actual platform angle. These two voltages are compared, 
producing an error voltage K, (05 — 6(t)), which is amplified and then used to drive the 
electric motor. 

Figure 11.1 suggests two different methods for pointing the telescope. One of these 
is the feedback system of Figures 11.1(c) and (d). Here, the input that we must provide 
is the desired reference angle 0 p. Alternatively, if the initial angle, the desired angle, and 
the detailed electrical and mechanical characteristics of the motor-shaft assembly were 
known exactly, we could specify the precise history of the input voltage v(f) that would 
first accelerate and then decelerate the shaft, bringing the platform to a stop at the desired 
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(a) 


v(t) ——=| Motor a(t) 
Input Platform 


voltage angular 
position 





(b) 


K[85 — 9 (t)] 


; Kp 
65 | Potentiometer Comparator 


€— 


K,0(t) 


(c) 


e(t) 





(d) 


Figure 11.1 Use of feedback to control the angular position of a telescope: (a) dc 
motor-driven telescope platform; (b) block diagram of the system in (a); (c) feedback 
system for pointing the telescope; (d) block diagram of the system in (c) (here, K — 
К.К). 


817 


818 


Signals and Systems, Second Edition 





position without the use of feedback, as in Figures 11.1(a) and (b). A system operating in 
accordance with Figures 11.1(a) and (b) is typically referred to as an open-loop system, 
in contrast to the closed-loop system of Figures 11.1(c) and (d). In a practical environ- 
ment, there are clear advantages to controlling the motor-shaft angle with the closed-loop 
system rather than with the open-loop system. For example, in the closed-loop system, 
when the shaft has been rotated to the correct position, any disturbance from this position 
will be sensed, and the resulting error will be used to provide a correction. In the open- 
loop system, there is no mechanism for providing a correction. As another advantage of 
the closed-loop system, consider the effect of errors in modeling the characteristics of the 
motor-shaft assembly. In the open-loop system, a precise characterization of the system is 
required to design the correct input. In the closed-loop system, the input is simply the de- 
sired shaft angle and does not require precise knowledge of the system. This insensitivity 
of the closed-loop system to disturbances and to imprecise knowledge of the system are 
two important advantages of feedback. 

The control of an electric motor is just one of a great many examples in which feed- 
back plays an important role. Similar uses of feedback can be found in a wide variety of 
applications, such as chemical process control, automotive fuel systems, household heating 
systems, and aerospace systems, to name just a few. In addition, feedback is also present 
in many biological processes and in the control of human motion. For example, when a 
person reaches for an object, it is usual during the reaching process to monitor visually the 
distance between the hand and the object so that the velocity of the hand can be smoothly 
decreased as the distance (i.e., the error) between the hand and the object decreases. The 
effectiveness of using the system output (hand position) to control the input is clearly 
demonstrated by alternatively reaching with and without the use of visual feedback. 

In addition to its use in providing an error-correcting mechanism that can reduce sen- 
sitivity to disturbances and to errors in the modeling of the system that is to be controlled, 
another important characteristic of feedback is its potential for stabilizing a system that is 
inherently unstable. Consider the problem of trying to balance a broomstick in the palm 
of the hand. If the hand is held stationary, small disturbances (such as a slight breeze or 
inadvertent motion of the hand) will cause the broom to fall over. Of course, if one knows 
exactly what disturbances will occur, and if one can control the motion of the hand per- 
fectly, it is possible to determine in advance how to move the hand to balance the broom. 
This is clearly unrealistic; however, by always moving the hand in the direction in which 
the broom is falling, the broom can be balanced. This, of course, requires feedback in 
order to sense the direction in which the broom is falling. A second example that is closely 
related to the balancing of a broom is the problem of controlling a so-called inverted pen- 
dulum, which is illustrated in Figure 11.2. As shown, an inverted pendulum consists of a 
thin rod with a weight at the top. The bottom of the rod is mounted on a cart that can move 
in either direction along a track. Again, if the cart is kept stationary, the inverted pendulum 





Figure 11.2 Ап inverted pendulum. 
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will topple over. The problem of stabilizing the pendulum is one of designing a feedback 
system that will move the cart to keep the pendulum vertical. This example is examined 
in Problem 11.56. A third example, which again bears some similarity to the balancing of 
a broom, is the problem of controlling the trajectory of a rocket. In this case, much as the 
movement of the hand is used to compensate for disturbances in the position of the broom, 
the direction of the thrust of the rocket is used to correct for changes in aerodynamic forces 
and wind disturbances that would otherwise cause the rocket to deviate from its course. 
Again, feedback is important, because these forces and disturbances are never precisely 
known in advance. 

The preceding examples provide some indication of why feedback may be useful. 
In the next two sections we introduce the basic block diagrams and equations for linear 
feedback systems and discuss in more detail a number of applications of feedback and 
control, both in continuous time and in discrete time. We also point out how feedback can 
have harmful as well as useful effects. These examples of the uses and effects of feedback 
will give us some insight into how changes in the parameters in a feedback control system 
lead to changes in the behavior of the system. Understanding this relationship is essential in 
designing feedback systems that have certain desirable characteristics. With this material 
as background, we will then develop, in the remaining sections of the chapter, several 
specific techniques that are of significant value in the analysis and design of continuous- 
time and discrete-time feedback systems. 


11.1 LINEAR FEEDBACK SYSTEMS 


The general configuration of a continuous-time LTI feedback system is shown in Fig- 
ure 11.3(a) and that of a discrete-time LTI feedback system in Figure 11.3(b). Because of 


d 
x(t) [OH = y 


e — (97 e us | yin 


r[n] 
Figure 11.3 Basic feedback system 


configurations in (a) continuous time 
(b) and (b) discrete time. 
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the typical applications in which feedback is utilized, it is natural to restrict the systems in 
these figures to be causal. This will be our assumption throughout the chapter. In that case, 
the system functions in Figure 11.3 can be interpreted either as unilateral or as bilateral 
transforms, and, as a consequence of causality, the ROC’s associated with them will always 
be to the right of the rightmost pole for Laplace transforms and outside the outermost pole 
for z-transforms. 

It should also be noted that the convention used in Figure 11.3(a) is that r(t), the 
signal fed back, is subtracted from the input x(t) to form e(t). The identical convention 
is adopted in discrete time. Historically, this convention arose in tracking-system applica- 
tions, where x(t) represented a desired command and e(t) represented the error between 
the command and the actual response r(t). This was the case, for example, in our discus- 
sion of the pointing of a telescope. In more general feedback systems, e(t) and e[n], the 
discrete-time counterpart of e(t), may not correspond to or be directly interpretable as error 
signals. 

The system function H(s) in Figure 11.3(a) or H(z) in Figure 11.3(b) is referred to 
as the system function of the forward path and G(s) or G(z) as the system function of the 
feedback path. The system function of the overall system of Figure 11.3(a) or (b) is referred 
to as the c/osed-loop system function and will be denoted by Q(s) or Q(z). In Sections 9.8.1 
and 10.8.1, we derived expressions for the system functions of feedback interconnections 
of LTI systems. Applying these results to the feedback systems of Figure 11.3, we obtain 


_ Y(s) ss H(s) 
Об) = x) TF GGOHG' ы 
ү Н 
dge EHE @) (11.2) 





Хо) 1+С(ӘН(Ә` 


Equations (11.1) and (11.2) represent the fundamental equations for the study of LTI feed- 
back systems. In the following sections, we use these equations as the basis for gaining 
insight into the properties of feedback systems and for developing several tools for their 
analysis. 


11.2 SOME APPLICATIONS AND CONSEQUENCES OF FEEDBACK 


In the introduction, we provided a brief, intuitive look at some of the properties and uses 
of feedback systems. In this section, we examine a number of the characteristics and ap- 
plications of feedback in somewhat more quantitative terms, using the basic feedback 
equations (11.1) and (11.2) as a starting point. Our purpose is to provide an introduction 
to and an appreciation for the applications of feedback, rather than to develop any of these 
applications in detail. In the sections that follow, we focus in more depth on several specific 
techniques for analyzing feedback systems that are useful in a wide range of problems, 
including many of the applications that we are about to describe. 


11.2.1 Inverse System Design 


In some applications, one would like to synthesize the inverse of a given continuous-time 
system. Suppose that this system has system function P(s), and consider the feedback 
system shown in Figure 11.4. Applying equation (11.1) with H(s) = K and G(s) = P(s), 
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y(t) 


Figure 11.4 Form of a feedback 
system used їп implementing the in- 
verse of the system with system func- 
tion P(s). 





we find that the closed-loop system function is 


K 


AS) = TF KPO 


(11.3) 


If the gain K is sufficiently large so that K P(s) > 1, then 


ee 


Os) = PG) 


(11.4) 


in which case the feedback system approximates the inverse of the system with system ` 
function P(s). 

It is important to note that the result in eq. (11.4) requires that the gain K be suffi- 
ciently high, but is otherwise not dependent on the precise value of the gain. Operational 
amplifiers are one class of devices that provide this kind of gain and are widely used in 
feedback systems. One common application of the inversion inherent in eq. (11.4) is in the 
implementation of integrators. A capacitor has the property that its current is proportional 
to the derivative of the voltage. By inserting a capacitor in the feedback path around an 
operational amplifier, the differentiation property of the capacitor is inverted to provide 
integration. This specific application is explored in more detail in Problems 11.50-11.52. 

Although our discussion is for the most part restricted to linear systems, it is worth 
pointing out that this same basic approach is commonly used in inverting a nonlinearity. 
For example, systems for which the output is the logarithm of the input are commonly im- 
plemented by utilizing the exponential current-voltage characteristics of a diode as feed- 
back around an operational amplifier. This is explored in more detail in Problem 11.53. 


11.2.2 Compensation for Nonideal Elements 


Another common use of feedback is to correct for some of the nonideal properties of the 
open-loop system. For example, feedback is often used in the design of amplifiers to pro- 
vide constant-gain amplification in a given frequency band, and in fact, it is this applica- 
tion, pioneered by Н. S. Black at Bell Telephone Laboratories in the 1920s, that is generally 
considered to have been the catalyst for the development of feedback control as a practical 
and useful system design methodology. 

Specifically, consider an open-loop frequency response H( jw) which provides am- 
plification over the specified frequency band, but which is not constant over that range. 
For example, operational amplifiers or the vacuum tube amplifiers of concern to Black and 
his colleagues typically provide considerable, but not precisely controlled, amplification. 
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While such devices can provide raw amplification levels of several orders of magnitude, 
the price one pays for this includes uncertain levels of amplification that can fluctuate 
with frequency, time, temperature, etc., and that can also introduce unwanted phase and 
nonlinear distortions. What Black proposed was placing such a powerful, but uncertain and 
erratic, amplifier in a feedback loop as in Figure 11.3(a) with G(s) chosen to be constant, 
i.e., G(s) = К. In this case, assuming the closed-loop system is stable, its frequency response is 


Oe) = т-нө (11.5) 
If, over the specified frequency range, 
|KH(jw)| > 1, (11.6) 
then 
Qo) = =. (пл) 
К 


That is, the closed-loop frequency response is constant, as desired. This of course assumes 
that the system in the feedback path can be designed so that its frequency response G( jw) 
has aconstant gain K over the desired frequency band, which is precisely what we assumed 
we could not ensure for H( jw). The difference between the requirement on H( jw) and that 
on G( jw), however, is that H( jw) must provide amplification, whereas, from eq. (11.7), 
we see that for the overall closed-loop system to provide a gain greater than unity, K must 
be less than 1. That is, G( jw) must be an attenuator over the specified range of frequencies. 
In general, an attenuator with approximately flat frequency characteristics is considerably 
easier to realize than an amplifier with approximately flat frequency response (since an 
attenuator can be constructed from passive elements). 

The use of feedback to flatten the frequency response incurs some cost, however, 
and it is this fact that led to the considerable skepticism with which Black’s idea was met. 
In particular, from eqs. (11.6) and (11.7), we see that 


1 
|HGe)| > 4 = Oso), (11.8) 


so that the closed-loop gain 1/K will be substantially less than the open-loop gain |H(jw)|. 
This apparently significant loss of gain, attributable to what Black referred to as degen- 
erative or negative feedback, was initially viewed as a serious weakness in his negative- 
feedback amplifier. Indeed, the effect had been known for many years and had led to 
the conviction that negative feedback was not a particularly useful mechanism. However, 
Black pointed out that what one gave up in overall gain was often more than offset by the 
reduced sensitivity of the overall closed-loop amplifier: The closed-loop system function 
is essentially equal to eq. (11.7), independently of variations in H( jw), as long as |Н ( jw)| 
is large enough. Thus, if the open-loop amplifier is initially designed with considerably 
more gain than is actually needed, the closed-loop amplifier will provide the desired lev- 
els of amplification with greatly reduced sensitivity. This concept and its application to 
extending the bandwidth of an amplifier are explored in Problem 11.49. 
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11.2.3 Stabilization of Unstable Systems 


As mentioned in the introduction, one use of feedback systems is to stabilize systems that, 
without feedback, are unstable. Examples of this kind of application include the control of 
the trajectory of a rocket, the regulation of nuclear reactions in a nuclear power plant, the 
stabilization of an aircraft, and the natural and regulatory control of animal populations. 

To illustrate how feedback can be used to stabilize an unstable system, let us consider 
a simple first-order continuous-time system with 


b 


A(s).= : 
5-а 





(11.9) 


With a > 0, the system is unstable. Choosing the system function G(s) to be a constant 
gain K, we see that the closed-loop system function in eq. (11.1) becomes 


H(s) 
1+ KH(s) 
b 


Q(s) 


The closed-loop system will be stable if the pole is moved into the left half of the s-plane. 
This will be the case if 


Kb» a. (11.11) 


Thus, we can stabilize the system with a constant gain in the feedback loop if that gain is 

chosen to satisfy eq. (11.11). This type of feedback system is referred to as a proportional 

feedback system, since the signal that is fed back is proportional to the output of the system. 
As another example, consider the second-order system 


b 


Hin = eta 


(11.12) 





If a > 0, the system is an oscillator (i.e., H(s) has its poles on the jw-axis), and the impulse 
response of the system is sinusoidal. If a < 0, H(s) has one pole in the left-half plane 
and one in the right-half plane. Thus, in either case, the system is unstable. In fact, as 
considered in Problem 11.56, the system function given in eq. (11.12) with a < 0 can be 
used to model the dynamics of the inverted pendulum described in the introduction. 

Let us first consider the use of proportional feedback for this second-order system; 
that is, we take 


G(s) = K. (11.13) 


Substituting into eq. (11.1), we obtain 


b 


OW) 7 э (a+ Kb) 


(11.14) 
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In our discussion of second-order systems in Chapter 6, we considered a transfer function 
of the form 


w 

For such a system to be stable, о, must be real and positive (i.e., w? > 0), and Z must 
be positive (corresponding to positive damping). From eqs. (11.14) and (11.15), it follows 
that with proportional feedback we can only influence the value of w2, and consequently, 
we cannot stabilize the system because we cannot introduce any damping. To suggest a 
type of feedback that can be used to stabilize this system, recall the mass-spring-dashpot 
mechanical system described in our examination of second-order systems in Section 6.5.2. 
We saw that damping in that system was the result of the inclusion of a dashpot, which 
provided a restoring force proportional to the velocity of the mass. This suggests that we 
consider proportional-plus-derivative feedback, that is, a G(s) of the form 


G(s) = Кү + Kos, (11.16) 
which yields 


b 


OS) = X x bKos * (a Ко 





(11.17) 


The closed-loop poles will be in the left-half plane, and hence, the closed-loop system will 
be stable as long as we choose К and К> to guarantee that 


bK > 0, a+K\b>0. (11.18) 


The preceding discussion illustrates how feedback can be used to stabilize contin- 
uous-time systems. The stabilization of unstable systems is an important application of 
feedback for discrete-time systems as well. Examples of discrete-time systems that are 
unstable in the absence of feedback are models of population growth. To illustrate how 
feedback can prevent the unimpeded growth of populations, let us consider a simple model 
for the evolution of the population of a single species of animal. Let y[n] denote the number 
of animals in the nth generation, and assume that without the presence of any impeding 
influences, the birthrate is such that the population would double each generation. In this 
case, the basic equation for the population dynamics of the species is 


у[п] = 2y[n — 1] + e[n], (11.19) 


where e[n] represents any additions to or deletions from the population that are caused by 
external influences. 

This population model is obviously unstable, with an impulse response that grows 
exponentially. However, in any ecological system, there are a number of factors that will 
inhibit the growth of a population. For example, limits on the food supply for the species 
will manifest themselves through a reduction in population growth when the number of 
animals becomes large. Similarly, if the species has natural enemies, it is often reasonable 
to assume that the population of the predators will grow when the population of the prey 
increases and, consequently, that the presence of natural enemies will retard population 
growth. In addition to natural influences such as these, there may be effects introduced by 
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humans that are aimed at population control. For example, the food supply or the predator 
population may fall under human regulation. In addition, stocking lakes with fish or im- 
porting animals from other areas can be used to promote growth, and the control of hunting 
or fishing can also provide a regulative effect. Because all of these influences depend on 
the size of the population (either naturally or by design), they represent feedback effects. 

Based on the preceding discussion, we can separate e[n] into two parts by means of 
the equation 


e[n] = x[n] — r[n], (11.20) 


where r[n] represents the effect of the regulative influences described in the previous para- 
graph and x[n] incorporates any other external effects, such as the migration of animals 
or natural disasters or disease. Note that we have included a minus sign in eq. (11.20). 
This is consistent with our convention of using negative feedback, and here it also has the 
physical interpretation that, since the uninhibited growth of the population is unstable, the 
feedback term plays the role of a retarding influence. To see how the population can be 
controlled by the presence of this feedback term, suppose that the regulative influences ac- 
count for the depletion of a fixed proportion B of the population in each generation. Since, 
according to our model, the surviving fraction of each generation will double in size, it 
follows that 


yin] = 2(1 — B)y[n — 1] + x[n]. (11.21) 
Comparing eq. (11.21) with eqs. (11.19) and (11.20), we see that 
rin] = 28 y[n — 1]. (11.22) 


The factor of 2 here represents the fact that the depletion of the present population de- 
creases the number of births in the next generation. 

This example of the use of feedback is illustrated in Figure 11.5. Here, the system 
function of the forward path is obtained from eq. (11.19) as 


1 
while from eq. (11.22) the system function of the feedback path is 
G(z) = 2Bz!. (11.24) 


Figure 11.5 Block diagram of a 
2By[n—1] simple feedback model of population 
dynamics. 
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Consequently, the closed-loop system function is 


H(z) 1 


00 = тғсоно 1-Xi-BV 


(11.25) 





If B < 1/2, the closed-loop system is still unstable, whereas it is stable! if 1/2 < B < 3/2. 

Clearly, this example of population growth and control is extremely simplified. For 
instance, the feedback model of eq. (11.22) does not account for the fact that the part of 
r[n] which is due to the presence of natural enemies depends upon the population of the 
predators, which in turn has its own growth dynamics. Such effects can be incorporated 
by making the feedback model more complex to reflect the presence of other dynamics 
in an ecological system, and the resulting models for the evolution of interacting species 
are extremely important in ecological studies. However, even without the incorporation 
of these effects, the simple model that we have described here does illustrate the basic 
ideas of how feedback can prevent both the unlimited proliferation of a species and its 
extinction. In particular, we can see at an elementary level how human-induced factors 
can be used. For example, if a natural disaster or an increase in the population of natural 
enemies causes a drastic decrease in the population of a species, a tightening of limits 
on hunting or fishing and accelerated efforts to increase the population can be used to 
decrease B in order to destabilize the system to allow for rapid growth, until a normal-size 
population is again attained. 

Note also that for this type of problem, it is not usually the case that one wants 
strict stability. If the regulating influences are such that В = 1/2, and if all other external 
influences are zero (i.e., if x[n] = 0), then y[n] = y[n — 1]. Therefore, as long as x[n] is 
small and averages to zero over several generations, a value of 3 = 1/2 will result in an 
essentially constant population. However, for this value of B the system is unstable, since 
eq. (11.21) then reduces to 


yln] = y[n — 1] + x[n]. (11.26) 


That is, the system is equivalent to an accumulator. Thus, if x[n] is a unit step, the output 
grows without bound. Consequently, if a steady trend is expected in x[n], caused, for 
example, by a migration of animals into a region, a value of B > 1/2 would need to be 
used to stabilize the system and thus to keep the population within bounds and maintain 
an ecological balance. 


11.2.4 Sampled-Data Feedback Systems 


In addition to dealing with problems such as the one just described, discrete-time feedback 
techniques are of great importance in a wide variety of applications involving continuous- 
time systems. The flexibility of digital systems has made the implementation of sampled- 
data feedback systems an extremely attractive option. In such a system, the output of a 
continuous-time system is sampled, some processing is done on the resulting sequence 
of samples, and a discrete sequence of feedback commands is generated. This sequence 


i Although, in the context of our population example, З could never exceed unity, since В > 1 corre- 
sponds to removing more than 100% of the population. 
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is then converted to a continuous-time signal that is fed back to and subtracted from the 
external input to produce the actual input to the continuous-time system. 

Clearly, the constraint of causality on feedback systems imposes a restriction on the 
process of converting the discrete-time feedback signal to a continuous-time signal (e.g., 
ideal lowpass filtering or any noncausal approximation of it is not allowed). One of the 
most widely used conversion systems is the zero-order hold (introduced in Section 7.1.2). 
The structure of a sampled-data feedback system involving a zero-order hold is depicted in 
Figure 11.6(a). In the figure, we have a continuous-time LTI system with system function 
H(s) that is sampled to produce a discrete-time sequence 


pin] = y(nT). (11.27) 


The sequence p[n] is then processed by a discrete-time LTI system with system 
function G(z), and the resulting output is put through a zero-order hold to produce the 
continuous-time signal 


z(t) = d[n] fo nT =t<(n+1)T. (11.28) 
This signal is subtracted from the external input x(t) to produce e(t). 


x(t y(t) 






Zero-order Ideal C/D 
hold 






Ideal C/D 





r[n] р[п] 


(b) 


Figure 11.6 (a) A sampled-data feedback system using a zero-order hold; 
(b) equivalent discrete-time system. 
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Suppose also that x(t) is constant over intervals of length T. That is, 
x(t) = r[n] for nT St<(n+1)T, (11.29) 


where r[n] is a discrete-time sequence. This is an approximation that is usually valid in 
practice, as the sampling rate is typically fast enough so that x(t) does not change appre- 
ciably over intervals of length T. Furthermore, in many applications, the external input is 
itself actually generated by applying a zero-order hold operation to a discrete sequence. 
For example, in systems such as advanced aircraft, the external inputs represent human 
operator commands that are themselves first processed digitally and then converted back 
to continuous-time input signals. Because the zero-order hold is a linear operation, the 
feedback system of Figure 11.6(a) when x(t) is given by eq. (11.29) is equivalent to the 
system of Figure 11.6(b). 

As shown in Problem 11.60, the discrete-time system with input e[n] and output 
p[n] is an LTI system with system function F(z) that is related to the continuous-time 
system function H(s) by means of a step-invariant transformation. That is, if s(t) is the 
step response of the continuous-time system, then the step response [л] of the discrete- 
time system consists of equally spaced samples of s(t). Mathematically, 


ап] = s(nT) for all л. (11.30) 


Once we have determined F(z), we have a completely discrete-time feedback system 
model (Figure 11.6(b)) exactly capturing the behavior of the continuous-time feedback 
system (Figure 11.6(a)) at the sampling instants / = nT, and we can then consider de- 
signing the feedback system function G(z) to achieve our desired objectives. An example 
of designing such a sampled-data feedback system to stabilize an unstable continuous-time 
system is examined in detail in Problem 11.60. 


11.2.5 Tracking Systems 


As mentioned in Section 11.0, one of the important applications of feedback is in the 
design of systems in which the objective is to have the output track or follow the input. 
There is a broad range of problems in which tracking is an important component. For 
example, the telescope-pointing problem discussed in Section 11.0 is a tracking problem: 
The feedback system of Figures 11.1(c) and (d) has as its input the desired pointing angle, 
and the purpose of the feedback loop is to provide a mechanism for driving the telescope 
to follow the input. In airplane autopilots the input is the desired flight path of the vehicle, 
and the autopilot feedback system uses the aircraft control surfaces (rudder, ailerons, and 
elevator) and thrust control in order to keep the aircraft on the prescribed course. 

To illustrate some of the issues that arise in the design of tracking systems, con- 
sider the discrete-time feedback system depicted in Figure 11.7(a). The examination of 
discrete-time tracking systems of this form often arises in analyzing the characteristics of 
sampled-data tracking systems for continuous-time applications. One example of such a 
system is a digital autopilot. In Figure 11.7(a), H,(z) denotes the system function of the 
system whose output is to be controlled. This system is often referred to as the plant, a term 
that can be traced to applications such as the control of power plants, heating systems, and 
chemical-processing plants. The system function H.(z) represents a compensator, which 
is the element to be designed. Here, the input to the compensator is the tracking error— 
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Figure 11.7 (а) Discrete-time 
tracking system; (b) tracking sys- 
tem of (a) with a disturbance d[n] in 
the feedback path accounting for the 
presence of measurement errors. 





that is, the difference e[n] between the input x[n] and the output y[n]. The output of the 
compensator is the input to the plant (for example, the actual voltage applied to the motor 
in the feedback system of Figures 11.1(c) and (d) or the actual physical input to the drive 
system of the rudder of an aircraft). 

To simplify notation, let H(z) = H.(z)H/(z). In this case, the application of eq. (11.2) 
yields the relationship 


A(z) 


O = тено 


Х(2). (11.31) 


Also, since Y(z) = H(z)E(z), it follows that 


1 
E(z) = «mo^ (11.32) 
or, specializing to z = e/^, we obtain 
1 | 
{ӨТҮ шй т=з jo 
al = a ie (11.33) 


Equation (11.33) provides us with some insight into the design of tracking systems. Specif- 
ically, for good tracking performance, we would like e[n] or, equivalently, E(e/^) to be 
small. That is, 


1 


joy ~ 
[rg 2^® (11.34) 


Consequently, for that range of frequencies for which X(e/”) is nonzero, we would like 
|H (e/^)| to be large. Thus, we have one of the fundamental principles of feedback system 
design: Good tracking performance requires a large gain. This desire for a large gain, 
however, must typically be tempered, for several reasons. One reason is that if the gain 
is too large, the closed-loop system may have undesirable characteristics (such as too little 


830 


Signals and Systems, Second Edition 


damping) or might in fact become unstable. This possibility is discussed in the next section 
and is also addressed by the methods developed in subsequent sections. 

In addition to the issue of stability, there are other reasons for wanting to limit the gain 
in a tracking system. For example, in implementing such a system, we must measure the 
output у[л] in order to compare it to the command input x[n], and any measuring device 
used will have inaccuracies and error sources (such as thermal noise in the electronics 
of the device). In Figure 11.7(b), we have included these error sources in the form of a 
disturbance input d[n] in the feedback loop. Some simple system function algebra yields 
the following relationship between Y (z) and the transforms X(z) and D(z) of x[n] and d[n]: 


HG) xo = Ino] (11.35) 


Die 1 + H(z) 1 + H(z) 





From this expression, we see that in order to minimize the influence of d[n] оп у[л], we 
would like H(z) to be small so that the second term on the right-hand side of eq. (11.35) 
is small. 

From the preceding development, we see that the goals of tracking and of minimiz- 
ing the effect of measurement errors are conflicting, and one must take this into account in 
coming up with an acceptable system design. In general, the design depends on more de- 
tailed information concerning the characteristics of the input x[n] and the disturbance d [n]. 
For example, in many applications x[n] has a significant amount of its energy concentrated 
at low frequencies, while measurement error sources such as thermal noise have a great 
deal of energy at high frequencies. Consequently, one usually designs the compensator 
H(z) so that |H(e/^)| is large at low frequencies and is small for w near +77. 

There are a variety of other issues that one must consider in designing tracking sys- 
tems, such as the presence of disturbances at other points in the feedback loop. (For exam- 
ple, the effect of wind on the motion of an aircraft must be taken into account in designing 
an autopilot.) The methods of feedback system analysis introduced in this chapter provide 
the necessary tools for examining each of these issues. In Problem 11.57, we use some 
of these tools to investigate several other aspects of the problem of designing tracking 
systems. 


11.2.6 Destabilization Caused by Feedback 


As well as having many applications, feedback can have undesirable effects and can in 
fact cause instability. For example, consider the telescope-pointing system illustrated in 
Figure 11.1. From the discussion in the preceding section, we know that it would be de- 
sirable to have a large amplifier gain in order to achieve good performance in tracking the 
desired pointing angle. On the other hand, as we increase the gain, we are likely to obtain 
faster tracking response at the expense of a reduction in system damping, resulting in sig- 
nificant overshoot and ringing in response to changes in the desired angle. Furthermore, 
instability can result if the gain is increased too much. 

Another common example of the possible destabilizing effect of feedback is feed- 
back in audio systems. Consider the situation depicted in Figure 11.8(a). Here, a loud- 
speaker produces an audio signal that is an amplified version of the sounds picked up by a 
microphone. Note that in addition to other audio inputs, the sound coming from the speaker 
itself may be sensed by the microphone. How strong this particular signal is depends upon 
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Figure 11.8 (a) Pictorial repre- 

sentation of the phenomenon of audio 

feedback; (b) block diagram represen- 

tation of (a); (c) block diagram in (b) 

redrawn as a negative feedback sys- 

(c) tem. (Note: е°' is the system function 
of a T-second time delay.) 


the distance between the speaker and the microphone. Specifically, because of the attenu- 
ating properties of air, the strength of the signal reaching the microphone from the speaker 
decreases as the distance between the speaker and the microphone increases. In addition, 
due to the finite speed of propagation of sound waves, there is time delay between the 
signal produced by the speaker and that sensed by the microphone. 

This audio feedback system is represented in block diagram form in Figure 11.8(b). 
Here, the constant К> in the feedback path represents the attenuation, and T is the prop- 
agation delay. The constant K, is the amplifier gain. Also, note that the output from the 
feedback path is added to the external input. This is an example of positive feedback. As 
discussed at the beginning of the section, the use of a negative sign in the definition of 
the basic feedback system of Figure 11.3 is purely conventional, and positive and nega- 
tive feedback systems can be analyzed using the same tools. For example, as illustrated in 
Figure 11.8(c), the feedback system of Figure 11.8(b) can be written as a negative feedback 
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system by adding a minus sign to the feedback-path system function. From this figure and 
from eq. (11.1), we can determine the closed-loop system function: 


OAs) = (11.36) 


І 
= K, Kye? 

Later we will return to this example, and, using a technique that we will develop in 
Section 11.3, we will show that the system of Figure 11.8 is unstable if 


KiK > 1. (11.37) 


Since the attenuation due to the propagation of sound through the air decreases (i.e., Kz 
increases) as the distance between the speaker and the microphone decreases, if the mi- 
crophone is placed too close to the speaker, so that eq. (11.37) is satisfied, the system will 
be unstable. The result of this instability is an excessive amplification and distortion of 
audio signals. 

It is interesting to note that positive, or what Black referred to as regenerative, feed- 
back had also been known for some time before he invented his negative feedback am- 
plifier and, ironically, had been viewed as a very useful mechanism (in contrast to the 
skeptical view of negative feedback). Indeed, positive feedback can be useful. For exam- 
ple, it was already known in the 1920s that the destabilizing influence of positive feedback 
could be used to generate oscillating signals. This use of positive feedback is illustrated in 
Problem 11.54. 

In this section, we have described a number of the applications of feedback. These 
and others, such as the use of feedback in the implementation of recursive discrete-time 
filters (see Problem 11.55), are considered in more detail in the problems at the end of the 
chapter. From our examination of the uses of feedback and the possible stabilizing and 
destabilizing effects that it can have, it is clear that some care must be taken in designing 
and analyzing feedback systems to ensure that the closed-loop system behaves in a desir- 
able fashion. Specifically, in Sections 11.2.3 and 11.2.6, we have seen several examples 
of feedback systems in which the characteristics of the closed-loop system can be signif- 
icantly altered by changing the values of one or two parameters in the feedback system. 
In the remaining sections of this chapter, we develop several techniques for analyzing the 
effect of changes in such parameters on the closed-loop system and for designing systems 
to meet desired objectives such as stability, adequate damping, etc. 


11.3 ROOT-LOCUS ANALYSIS OF LINEAR FEEDBACK SYSTEMS 


As we have seen in a number of the examples and applications we have discussed, a 
useful type of feedback system is that in which the system has an adjustable gain K as- 
sociated with it. As this gain is varied, it is of interest to examine how the poles of the 
closed-loop system change, since the locations of these poles tell us a great deal about the 
behavior of the system. For example, in stabilizing an unstable system, the adjustable gain 
is used to move the poles into the left-half plane for a continuous-time system or inside 
the unit circle for a discrete-time system. In addition, in Problem 11.49, we show that 
feedback can be used to broaden the bandwidth of a first-order system by moving the pole 
so as to decrease the time constant of the system. Furthermore, just as feedback can be used 
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to relocate the poles to improve system performance, as we saw in Section 11.2.6, there 
is the potential danger that with an improper choice of feedback a stable system can be 
destabilized, which is usually undesirable. 

In this section, we discuss a particular method for examining the locus (i.e., the path) 
in the complex plane of the poles of the closed-loop system as an adjustable gain is varied. 
The procedure, referred to as the root-locus method, is a graphical technique for plotting 
the closed-loop poles of a rational system function Q(s) or Q(z) as a function of the value 
of the gain. The technique works in an identical manner for both continuous-time and 
discrete-time systems. 


11.3.1 An Introductory Example 


To illustrate the basic nature of the root-locus method for analyzing a feedback system, let 
us reexamine the discrete-time example considered in the preceding section and specified 
by the system functions 

z 


1 


апа 


[eq. (11.24)] Gig = 2877 = 2 (11.39) 


where B now is viewed as an adjustable gain. Then, as we noted earlier, the closed-loop 
system function is 


ay aa & | 
1-20 -B)z' z-20-B) 


In this example, it is straightforward to identify the closed-loop pole as being located at 
z = 2(1 — B). In Figure 11.9(a), we have plotted the locus of the pole for the system as B 
varies from 0 to +, In part (b) of the figure, we have plotted the locus as В varies from 0 
to —. In each plot, we have indicated the point z = 2, which is the open-loop pole [i.e., 
it is the pole of Q(z) for B = 0]. As B increases from 0, the pole moves to the left of the 
point z — 2 along the real axis, and we have indicated this by including an arrow on the 
thick line to show how the pole changes as f is increased. Similarly, for 8 < 0, the pole of 
Q(z) moves to the right of z — 2, and the direction of the arrow in Figure 11.9(b) indicates 
how the pole changes as the magnitude of В increases. For 1/2 < В < 3/2, the pole lies 
inside the unit circle, and thus, the system is stable. 
As a second example, consider a continuous-time feedback system with 


H(s) = 


[ед. (11.25) 0(2) = (11.40) 





5 
— (11.41) 
and 

G(s) = =, (11.42) 


where f again represents the adjustable gain. Since H(s) and G(s) in this example are 
algebraically identical to H(z) and G(z), respectively, in the preceding example, the same 
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Figure 11.9 Root locus for the 
closed-loop system of eq. (11.40) as 
the value of В is varied: (a) В > 0; 
(b) 8 < 0. Note that we have marked 
the point z — 2 that corresponds to 
(b) the pole location when 8 = 0. 





will be true for the closed-loop system function 


$ 

Os) = ;-2d- B) (11.43) 
vis-à-vis Q(z), and the locus of the pole as a function of B will be identical to the locus in 
that example. 

The relationship between these two examples stresses the fact that the locus of 
the poles is determined by the algebraic expressions for the system functions of the for- 
ward and feedback paths and is not inherently associated with whether the system is a 
continuous-time or discrete-time system. However, the interpretation of the result is inti- 
mately connected with its continuous-time or discrete-time context. In the discrete-time 
case it is the location of the poles in relation to the unit circle that is important, whereas 
in the continuous-time case it is their location in relation to the imaginary axis. Thus, 
as we have seen for the discrete-time example in eq. (11.40), the system is stable for 
1/2 « B < 3/2, while the continuous-time system of eq. (11.43) is stable for B > 1. 


11.3.2 Equation for the Closed-Loop Poles 


In the simple example considered in the previous section the root locus was easy to plot, 
since we could first explicitly determine the closed-loop pole as a function of the gain 
parameter and then plot the location of the pole as we changed the gain. For more complex 
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systems, one cannot expect to find such simple closed-form expressions for the closed-loop 
poles. However, it is still possible to sketch accurately the locus of the poles as the value 
of the gain parameter is varied from — to +c, without actually solving for the location of 
the poles for any specific value of the gain. This technique for determining the root locus is 
extremely useful in gaining insight into the characteristics of a feedback system. Also, as 
we develop the method, we will see that once we have determined the root locus, there is a 
relatively straightforward procedure for determining the value of the gain parameter that 
produces a closed-loop pole at any specified location along the root locus. We will phrase 
our discussion in terms of the Laplace transform variable s, with the understanding that it 
applies equally well to the discrete-time case. 

Consider a modification of the basic feedback system of Figure 11.3(a), where either 
G(s) or H(s) is cascaded with an adjustable gain K. This is illustrated in Figure 11.10. In ei- 
ther of these cases, the denominator of the closed-loop system function is 1 + KG(s)H(s). 
Therefore, the equation for the poles of the closed-loop system are the solutions of the 
equation 


1+ KG(s)H(s) = 0. (11.44) 


y(t) 





е КН(5) 
1 + KH(s)G(s) 


(а) 


х(ї) y(t) 





Figure 11.10 Feedback systems 


Q(s) = H(s) containing an adjustable gain: (a) sys- 
1 + KH(s)G(s) tem in which the gain is located in the 
forward path; (b) system with the gain 

(b) in the feedback path. 


?[n the following discussion, we assume for simplicity that there is no pole-zero cancellation in the 
product G(s)H (s). The presence of such pole-zero cancellations does not cause any real difficulties, and the 
procedure we will outline here is easily extended to that case (Problem 11.32). In fact, the simple example at 
the start of this section [eqs. (11.41) and (11.42)] does involve a pole-zero cancellation, at s = 0. 
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Rewriting eq. (11.44), we obtain the basic equation determining the closed-loop poles: 


G(s)H(s) = - 2. (11.45) 


The technique for plotting the root locus is based on the properties of this equation and its 


solutions. In the remainder of this section, we will discuss some of these properties and 
indicate how they can be exploited in determining the root locus. 


11.3.3 The End Points of the Root Locus: The Closed-Loop 
Poles for К = 0 and |K| = + 


Perhaps the most immediate observation that one can make about the root locus is that 
obtained by examining eq. (11.45) for K = 0 and |K| = ~. For K = 0, the solution of 
this equation must yield the poles of G(s)H(s), since 1/K = ©, To illustrate, recall the 
example given by eqs. (11.41) and (11.42). If we let B play the role of K, we see that 
eq. (11.45) becomes 





= ——. (11.46) 


Therefore, for 8 = 0, the pole of the system will be located at the pole of 2/(s — 2) (i.e., 
at s = 2), which agrees with what we depicted in Figure 11.9. 

Suppose now that |K| = œ. Then 1/K = 0, so that the solutions of eq. (11.45) must 
approach the zeros of G(s)H (s). If the order of the numerator of G(s)H (s) is smaller than 
that of the denominator, then some of these zeros, equal in number to the difference in 
order between the denominator and numerator, will be at infinity. 

Referring again to eq. (11.46), since the order of the denominator of 2/(s — 2) is 1, 
while the order of the numerator is zero, we conclude that in this example there is one 
zero at infinity and no zeros in the finite s-plane. Thus, as |B| — >, the closed-loop pole 
approaches infinity. Again, this agrees with Figure 11.9, in which the magnitude of the 
pole increases without bound as |B| — « for either В > 0 or B < 0. 

While the foregoing observations provide us with basic information as to the closed- 
loop pole locations for the extreme values of К, the following result is the key to our being 
able to plot the root locus without actually solving for the closed-loop poles as explicit 
functions of the gain. 


11.3.4 The Angle Criterion 


Consider again eq. (11.45). Since the right-hand side of this equation is real, a point so 
can be a closed-loop pole only if the left-hand side of the equation, i.e., G(so)H (so), is also 
real. Writing 


G(so)H (so) = |С(о)Н (so) | e/ * 99"), (11.47) 
we see that, for G(so)H (so) to be real, it must be true that 


e) XC Go HGo) = +], (11.48) 
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That is, for so to be a closed-loop pole, we must have 
ФС (50) H (so) = integer multiple of т. (11.49) 


Returning to eq. (11.46), we see immediately that in order for 2/ (so = 2) to be real, 
it is necessary that sọ be real. For more complex system functions, it is not as easy to 
determine the values of sọ for which G (so) H (so) is real. However, as we will see, the use 
of the angle criterion given by eq. (11.49), together with the geometric method described 
in Chapter 9 for evaluating XG (so) Н (so), greatly facilitates the determination of the 
root locus. 

The angle criterion given by eq. (11.49) provides us with a direct method for deter- 
mining whether a point sọ could be a closed-loop pole for some value of the gain К. A 
further examination of eq. (11.45) gives us a way in which to calculate the value of the 
gain corresponding to any point on the root locus. Specifically, suppose that so satisfies 


XG (so) Н (so) = odd multiple of т. (11.50) 
Then e/*660/60) = —], and from eq. (11.47) we see that 
G (so) H (зо) = — |G (зо) Н (s0)|. (11.51) 


Substituting eq. (11.51) into eq. (11.45), we find that if 
1 


K = EOLO (11.52) 
then sọ is a solution of the equation and hence a closed-loop pole. 
Similarly, if sọ satisfies the condition 
XG (so) H (so) = even multiple of 7, (11.53) 
then 
G (зо) Н (зо) = |G (so) Н (o). (11.54) 
Thus, if 
K = a See (11.55) 
|G (so) Н (so)| 


then s is a solution of eq. (11.45) and hence a closed-loop pole. 
For the example given in eq. (11.46), if sọ is on the real line and sọ < 2, then 











( А )- —T, (11.56) 
$0 — 2 
and from eq. (11.52), the value of В for which so is the closed-loop pole is 
1 2 $0 
B5——- 3 (11.57) 
I5 E 
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That is, 
So = 2(1 — B), (11.58) 


which agrees with eq. (11.43). 

Summarizing the last two observations that we have made, we see that the root locus 
for the closed-loop system, that is, the set of points in the complex s-plane that are closed- 
loop poles for some value of K as K varies from — to +, are precisely those points that 
satisfy the angle condition of eq. (11.49). Furthermore: 





1. A point so for which 






XG (so) Н (so) = odd multiple of 7 (11.59) 





is on the root locus and is a closed-loop pole for some value of K > 0. The value of 
the gain that makes so a closed-loop pole is given by eq. (11.52). 
2. A point so for which 







«С (so) Н (so) = even multiple of т (11.60) 






is on the root locus and is a closed-loop pole for some value of K « 0. The value of 
the gain that makes so a closed-loop pole is given by eq. (11.55). 








Therefore, we have now reduced the problem of determining the root locus to that of 
searching for points that satisfy the angle requirements given by eqs. (11.59) and (11.60). 
These equations can be refined further to a set of properties that aid in sketching the root 
locus. Before discussing these properties, however, let us consider a simple example. 


Example 11.1 
Let 


1 1 
H(s) = s G(s) = БӘ" (11.61) 


__ Recall that in Section 9.4 we discussed the geometric evaluation of Laplace transforms. 
— In that section, we saw that the angle of the rational Laplace transform 


[16-82 
k=1 
[ [6-40 
k=1 


. evaluated at some point sọ in the complex plane equals the sum of the angles of the 
vectors from each of the zeros to s; minus the sum of the angles from each of the poles 
to зо. Applying this to the product of G(s)H(s), where G(s) and H(s) are as given in 
eq. (11.61), we can determine geometrically those points in the s-plane that satisfy the 
angle criteria, eqs. (11.59) and (11.60), and therefore can sketch the root locus. 

In Figure 11.11, we have plotted the poles of G(s)H (s) and have denoted by 0 and 
E. 2 ¢ the angles from each of the poles to the point sọ. Let us first test the angle criterion 


(11.62) 
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$m 





Figure 11.11 Geometric procedure for evaluating angle criterion in Exam- 
ple 11.1. 


for points s; on the real axis. To begin with, the angle contribution from both poles is 
zero when so is on the real axis to the right of — 1. Thus, 


XG (so) H (so) = 0 = 0-7, So real and greater than —1, (11.63) 


and by eq. (11.60), these points are on the root locus for K < 0. For points between the 
two poles, the pole at —1 contributes an angle of —7r, and the pole at —2 contributes 0. 
Thus, 


XG (so) Н (so) = —т, so real, —2 < sg < -l (11.64) 


These points аге on the locus for К > 0. Finally, each pole contributes an angle of — 7 
when s, is real and less than —2, so that 


XG (50) H (sy) = —2т, So real and less than —2. 


Therefore, these points are on the locus for K « 0. 

Let us now examine points in the upper half of the s-plane. (Since the impulse 
responses are real-valued, the complex poles occur in conjugate pairs. Therefore, we 
can immediately determine the poles in the lower half-plane after we have examined the 
upper half.) From Figure 11.11, the angle of С (so) Н (so) at the point so is 


XG (so) H (so) = —(8 + ф). (11.65) 
Also, it is clear that as sọ ranges over the upper half-plane (but not the real axis), we have 
0<0 < т, 0<ф< т. (11.66) 

Thus, 
—2т < £G(s)H(s) < 0, (11.67) 


Therefore, we see immediately that no point in the upper half-plane can be on the locus 
for K < 0 [since X G(s)H (s) never equals an even multiple of т]. In addition, if so is to 
be on the locus for K > 0, we must have 


XG (so) H (so) = —(6 + ф) = —т, (11.68) 
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or 
0 = т-ф. (11.69) 


Examining the geometry of Figure 11.11, we see that this occurs only for those points 
located on the straight line that is parallel to the imaginary axis and that bisects the line 


v joining the poles at —1 and —2. We have now examined the entire s-plane and have 


determined all those points on the root locus. In addition, we know that for K = 0, the 
closed-loop poles equal the poles of G(s)H (s), and as |K| — ©, the closed-loop poles 
go to the zeros of G(s)H(s), which in this case are both at infinity. Putting these results 
together, we can draw the entire root locus, depicted in Figure 11.12, in which we have 
indicated the direction of increasing |K|, both for K > 0 and for K < 0. 


$m 





(le 


Gle 








(b) 


Figure 11.12 Root locus for Example 11.1: (a) K > 0; (b) K < 0. The 
poles of G(s)H(s), which are located at s = —1 and s = —2, are indicated. 


Note from the figure that for K > 0 there are two branches of the root locus and 
that the same is true for K < 0. The reason for the existence of two branches is that 
in this example the closed-loop system is a second-order system and consequently has 
two poles for any specified value of K. Therefore, the root locus has two branches, each 
of which traces the location of one of the closed-loop poles as K is varied, and for any 
particular value of K, there is one closed-loop pole on each branch. Again, if we wish to 
calculate the value of K for which a specific point sy on the locus is a closed-loop pole, 
we can use eqs. (11.52) and (11.55). 
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11.3.5 Properties of the Root Locus 


The procedure outlined in the preceding subsection provides us, in principle, with a method 
for determining the root locus for any continuous-time or discrete-time LTI feedback sys- 
tem. That is, we simply determine, graphically or otherwise, all those points that satisfy 
eq. (11.59) or eq. (11.60). Fortunately, there are a number of other geometric properties 
concerning root loci that make the sketching of a locus far less tedious. To begin our dis- 
cussion of these properties, let us assume that we have placed G(s)H(s) in the standard 
form 


(s — Bx) 
еч (11.70) 


| [6-0 
k=1 


where the B,;’s denote the zeros and the a,;’s denote the poles. In general, these may be 
complex. Also, from eq. (11.70), we see that we are assuming that the leading coeffi- 
cient in both the numerator and the denominator of G(s)H (5) is +1. This can always be 
achieved by dividing the numerator and denominator by the denominator coefficient of s" 
and absorbing the resulting numerator coefficient of s" into the gain K. For example, 


s" +b ae" +++: + bo re 
sung = 282 = ищ E 
5" + а„һ-15"7! +++ + a9 








2 1 1 
2з + 1 Е 35*3 _ [2 $+5 
39545542 "gd -( 2, НА 


win 


and the quantity (2/3)K is then regarded as the overall gain that is varied in determining 
the root locus. | 
We assume, in addition, that 


т=п, (11.72) 
which is the case that is usually encountered in practice. (Problem 11.33 considers the case 


m > n.) The following are some properties that include earlier observations and that aid 
in sketching the root locus. 


Property 1: For K = 0, the solutions of eq. (11.45) are the poles of G(s)H (5). Since 


we are assuming п poles, the root locus has n branches, each one starting (for K — 0) 
at a pole of G(s)H (s). 





Property 1 includes the general version of a fact which we noted in Example 11.1: that 
there is one branch of the root locus for each closed-loop pole. The next property is also 
simply a restatement of one of our earlier observations. 


Property 2: As |K| — =, each branch of the root locus approaches a zero of 


G(s)H (s). Since we are assuming that m = n, n — m of these zeros are at infinity. 
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Property 3: Parts of the real s-axis that lie to the left of an odd number of real poles 
and zeros of G(s)H (s) are on the root locus for К > 0. Parts of the real s-axis that lie 
to the left of an even number (possibly zero) of poles and zeros of G(s)H (s) are on the 
root locus for K « 0. 






We can show that Property 3 is true as follows: From our discussion in Example 11.1 
and from Figure 11.13(a), we see that if a point on the real s-axis is to the right of a real 
pole or zero of G(s)H (s), that pole or zero contributes zero to X:G(so)H (so). On the other 
hand, if so is to the left of a zero, that zero contributes +7, whereas if so is to the left of 
a pole, we get a contribution of —7r (since we subtract the pole angles). Hence, if sọ is to 
the left of an odd number of real poles and zeros, the total contribution of these poles and 
zeros is an odd multiple of 7r, whereas if sọ is to the left of an even number of real poles 
and zeros, the total contribution is an even multiple of т. From eqs. (11.59) and (11.60), 
we will have the result stated in Property 3 if we can show that the total contribution 
from all poles and zeros with nonzero imaginary parts is an even multiple of 7. The key 
here is that such poles and zeros occur in complex-conjugate pairs, and we can consider 
the contribution from each such pair, as illustrated in Figure 11.13(b). The symmetry in 
the picture clearly indicates that the sum of the angles from this pair to any point so on the 
real axis is precisely 277. Summing over all conjugate zero pairs and subtracting the sum 
over all conjugate pole pairs, we get the desired result. Thus, апу segment of the real line 


Im 


Angle of zero radians Angle of тт radians 





So Re 


(a) 


Ө Figure 11.13 (а) Angle contribu- 
tion from real poles and zeros to a 
point on the real axis; (b) total angle 
contribution from a complex-conjugate 

(b) pole pair to a point on the real axis. 
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between real poles or zeros is on the root locus either for K > 0 or for K < 0, depending 
on whether it lies to the left of an odd or an even number of poles and zeros of G(s)H(s). 
As one consequence of Properties 1 through 3, consider a segment of the real axis 
between two poles of G(s)H (s), with no zeros between these poles. From Property 1 the 
root locus begins at the poles, and from Property 3 the entire portion of the real axis between 
the two poles will lie on the root locus for a positive or negative range of values of K. 
Therefore, as |K | increases from zero, the two branches of the root locus that begin at these 
poles move toward each other along the segment of the real axis between the poles. From 
Property 2, as |K| increases toward infinity, each branch of the root locus must approach 
a zero. Since there are no zeros along that portion of the real axis, the only way that this 
can happen is if the branches break off into the complex plane for |K| sufficiently large. 
- This is illustrated in Figure 11.12, in which the locus for K > 0 has a portion between 
two real poles. As K is increased, the root locus eventually leaves the real axis, forming 
two complex-conjugate branches. Summarizing this discussion, we have the following 
property of the root locus: 


Property 4: Branches of the root locus between two real poles must break off into 
the complex plane for |K| large enough. 


Properties 1—4 serve to illustrate how characteristics of the root locus can be de- 
duced from eqs. (11.45), (11.59), and (11.60). In many cases, plotting the poles and zeros 
of G(s)H (s) and then using these four properties suffices to provide a reasonably accurate 
sketch of the root locus. (See Examples 11.2 and 11.3.) In addition to these properties, 
however, there are numerous other characteristics of the root locus that allow one to ob- 
tain sketches of increasing accuracy. For example, from Property 2, we know that n — m 
branches of the root locus approach infinity. In fact, these branches approach infinity at 
specific angles that can be calculated, and therefore, the branches are asymptotically par- 
allel to lines at these angles. Moreover, it is possible to draw in the asymptotes and then 
determine the point at which they intersect. These two properties and several others are 
illustrated in Problems 11.34—11.36 and 11.41-11.42. A more detailed development of 
the root-locus method can be found in more advanced texts such as those listed in the 
bibliography at the end of the book. 

In the remainder of this section we present two examples, one in continuous time 
and one in discrete time, that illustrate how the four properties that we have just described 
allow us to sketch the root locus and to deduce the stability characteristics of a feedback 
system as the gain K is varied. 





Example 11.2 


Let 
== 


5 
G(s)H(s) = 6 0022): 


(11.73) 
_ From Properties | and 2, the root locus for either К positive ог K negative starts at the 
< points 5 = —1 ands = —2. One branch terminates at the zero at s = 1 and the other at 
- infinity. 

Let us first consider K > 0. The root locus in this case is illustrated in Fig- 
_ ure 11.14(a). From Property 3, we can identify the regions of the real axis that are on 
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(b) 


Figure 11.14 Root locus for Example 11.2: (а) К > 0; (b) K < 0. The 
poles of G(s)H(s) at s = —1 and s = —2 and the zero of G(s)H(s) at s = 1 
are indicated in the figure. 





the root locus for K > 0—specifically, Re{s} < —2and —1 < Refs} < 1. Therefore, one 
branch of the root locus for K > 0 originates ats = —landapproachess = las К — o. 
The other begins at s = —2 and extends to the left toward Re{s} = —% as К — +, 
Thus, we see that for K > 0, if К is sufficiently large, the system will become 
unstable, as one of the closed-loop poles moves into the right-half plane. The procedure 
that we have used for sketching the root locus does not, of course, indicate the value 
of K for which this instability develops. However, for this particular example, we see 
that the value of K for which the instability occurs corresponds to the root locus passing 
through s — 0. Consequently, from eq. (11.52), the corresponding value of K is 


1 
К = [GR 0) = 2. (11.74) 


Thus, the system is stable for 0 = К < 2, but is unstable for K = 2. 

For K « 0, the portions of the real axis lying on the roct locus are Re{s} > 1 and 
—2 « Gle(s) < —1. Thus, the root locus again starts at the points s = —2 and = —1, 
moving into the region —2 < Re{s} < —1. At some point, it breaks off into the complex 
plane and follows a trajectory such that it returns to the real axis for s 1. Upon the root 
locus' return to the real axis, one branch moves to the left toward the zero at s — 1 and 
the other to the right toward s = œ, as indicated in Figure 11.14(b), in which we have 
displayed an accurate plot of the root locus for K < 0. 
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Rules can also be developed to indicate the locations at which the root locus leaves 

and enters the real axis. Even without that precise a description, however, we can sketch 

_ the general shape of the root locus in Figure 11.14(b) and can therefore deduce that for 
K < 0, the system also becomes unstable for |K| sufficiently large. 


Example 11.3 
Consider the discrete-time feedback system illustrated in Figure 11.15. In this case, 


-l 
G(2)H(z) = 2 = : (11.75) 


Pr) C33 











x[n] у[п] 





Figure 11.15  Discrete-time feedback system of Example 11.3. 


As discussed at the beginning of this section, the techniques for sketching the root locus 

of a discrete-time feedback system are identical to those used in the continuous-time 

case. Therefore, in a manner exactly analogous to that of the preceding example, we 

... can deduce the basic form of the root locus for this example. which is illustrated in 

Figure 11.16. In this case the portion of the real axis between the two poles of G(z)H(z) 

(at z = 1/4 and z = 1/2) is on the root locus for К > 0, and as К increases the locus 

breaks off into the complex plane and returns to the axis at some point in the left-half 

plane. From there, one branch approaches the zero of G(z)H(z) at z = 0, and the other 

approaches infinity as K — œ. The form of the root locus for K < 0 consists of two 

branches on the real axis, one approaching 0 and the other infinity. 

As we remarked earlier, while the form of the root locus does not depend on 

. whether the system is a continuous-time or discrete-time system, any conclusion re- 

_ garding stability based on examining the locus certainly does. For this example, we can 

.. conclude that for |K | sufficiently large the system is unstable, since one of the two poles 

has magnitude greater than 1. In particular, from the K > 0 root locus in Figure 11.16(a), 

we see that the transition from stability to instability occurs when one of the closed-loop 
poles is at z = —1. From eq. (11.52), the corresponding value of K is 


І 15 
К = =>. 
|С(—1)Н(—1)]) 8 





(11.76) 





— Similarly, from Figure 11.16(b), the stability-instability transition occurs when one of 
_ the closed-loop poles is at z = 1, and from eq. (11.55), the corresponding value of К is 
1 3 


= “Tema E (11.77) 


Putting this together, we see that the closed-loop system in Figure 11.16 is stable if 


846 Signals and Systems, Second Edition 





Figure 11.16 Root locus for Example 11.3: (a) K > 0; (b) K < 0. The 
poles of G(z)H(z) at z = 1/4 and z = 1/2 and the zero of G(z)H(z) at z = 0 
are indicated in the figure. 


3 15 
eS RS т (11.78) 


and is unstable for K outside this range. 


11.4 THE NYQUIST STABILITY CRITERION 


As developed in Section 11.3, the root-locus technique provides detailed information con- 
cerning the location of closed-loop poles as the system gain is varied. From root-locus 
plots, one can determine the damping and the stability characteristics of the system as K 
is varied. Determination of the root locus requires the analytic description of the system 
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functions of the forward and feedback paths and is applicable only when these transforms 
are rational. For example, it cannot be directly applied in situations in which our knowledge 
of the system functions is obtained purely from experimentation. 

In this section, we introduce another method for the determination of the stability of 
feedback systems as a function of an adjustable gain parameter. This technique, referred to 
as the Nyquist criterion, differs from the root-locus method in two basic ways. Unlike the 
root-locus method, the Nyquist criterion does not provide detailed information concerning 
the location of the closed-loop poles as a function of K, but rather, simply determines 
whether or not the system is stable for any specified value of K. On the other hand, the 
Nyquist criterion can be applied to nonrational system functions and in situations in which 
no analytic description of the forward and feedback path system functions is available. 

Our objective in this section is to outline the basic ideas behind the Nyquist criterion 
for both continuous-time and discrete-time systems. As we will see, both the discrete- 
time and continuous-time Nyquist tests are the result of the same fundamental concept, 
although, as with the root-locus method, the actual criteria for stability differ because of 
the differences between continuous and discrete time. More detailed developments of the 
ideas behind the Nyquist criterion and its use in the design of feedback systems can be 
found in texts on the analysis and synthesis of feedback systems and automatic control 
systems, including those listed in the bibliography at the end of the book. 

To introduce the method, let us recall that the poles of the closed-loop systems of 
Figure 11.10 and their discrete-time counterparts are the solutions of the equations 


1 + KG(s)H(s) = 0 (continuous time) (11.79) 
and 
1+ KG(z)H(z) = 0 (discrete time). (11.80) 


For discrete-time systems, we want to determine whether any of the solutions of eq. (11.80) 
lie outside the unit circle, and for continuous-time systems whether any of the solutions of 
eq. (11.79) lie in the right half of the s-plane. The Nyquist criterion fixes this by examina- 
tion of the values of G(s)H(s) along the jw-axis and the values of G(z)H(z) along the unit 
circle. The basis for this is the encirclement property, which we develop in the following 
subsection. 


11.4.1 The Encirclement Property 


Consider a general rational function W(p), where p is a complex variable,? and suppose 
that we plot W(p) for values of p along a closed contour in the p-plane, which we traverse 
in a clockwise direction. This is illustrated in Figure 11.17 for a function W(p) that has 
two zeros and no poles. In Figure 11.17(a) we show a closed contour C in the p-plane, and 
in Figure 11.17(b) we plot the closed contour of the values of W(p) as p varies around C. 


?Because we will use the property we are about to develop for both continuous-time and discrete-time 
feedback systems, we have chosen to describe it in terms of a general complex variable p. In the next subsection 
we use this property to analyze continuous-time feedback systems, where the complex variable is s. Following 
this, in Section 11.4.3 we use the encirclement property for discrete-time feedback systems, in which context 
the complex variable is z. 
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$m W-plane 


Figure 11.17 Basic encirclement 
property. The closed curve in (b) rep- 
resents a plot of the values of W(p) 
(Re for values cf p along the curve С 
in (a). Here, the arrow on the curve C 
in (a) indicates the direction in which 
C is traversed, and the arrow in (b) 
indicates the corresponding direction 
(b) along the contour of values of W(p). 


In this example, there is one zero of W(p) inside the contour and one zero of W(p) outside 
the contour. At any point p on C, the angle of W(p) is the sum of the angles of the two 
vectors v, and v; to the point p. As we traverse the contour once, the angle фу of the 
vector from the zero inside the contour encounters a net change of —27r radians, whereas 
the angle 2 of the vector from the zero outside the contour encounters no net change. 
Thus, on the plot of W(p), there is a net change in angle of —27r. Said another way, the 
plot of W(p) in Figure 11.17(b) encircles the origin once in the clockwise direction. More 
generally, for an arbitrary rational W(p), as we traverse a closed contour in the clock- 
wise direction, any poles and zeros of W(p) outside the contour will contribute no net 
change to the angle of W(p), whereas each zero inside the contour will contribute a net 
change of —27 and each pole inside will contribute a net change of +27r. Since each 
net change of —27 in W(p) corresponds to one clockwise encirclement of the origin in the 
plot of W(p), we can state the following basic encirclement property: 


Encirclement Property: As а closed contour C in the p-plane is traversed once in the 
clockwise direction, the corresponding plot of W(p) for values of p along the contour 
encircles the origin in the clockwise direction a net number of times equal to the number 
of zeros minus the number of poles contained within the contour. 





In applying this statement, a counterclockwise encirclement is interpreted as the neg- 
ative of one clockwise encirclement. For example, if there is one pole and no zeros inside 
the contour, there will be one counterclockwise, or equivalently, minus-one clockwise, 
encirclement. 
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Example 11.4 


sider the function 


p-1 
W = з $ 
P = G++ pt) LED 





p-plane W-plane 








Re 


(a) 








W-plane 





(b) 


Im Im 


p-plane W-plane 





C3 
Re Re 


(с) 


Figure 11.18 Basic encirclement property for Example 11.4: (a) the con- 

tour encircles no poles or zeros and consequently W(p) has no encirclements 
of the origin; (b) the contour encircles one pole and therefore W(p) has one 

encirclement of the origin; (c) the contour encircles three poles and therefore 
W(p) has three encirclements of the origin; 
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Im 
W-plane 
Re 
(d) 

Im Im 

p-plane W-plane 
Cs 

Re Re 


(e) 


Figure 11.18 Continued (d) the contour encircles one pole and one zero 
and therefore W(p) has no encirclements of the origin; (e) the contour encir- 
cles three poles and one zero. W(p) has two encirclements of the origin. 


In Figure 11.18, we depict several closed contours in the complex p-plane and the corre- 
sponding plots of W(p) along each of these contours. In Figure 11.18(a), the contour Су 
does not encircle any of the poles or zeros of W(p), and consequently, the plot of W(p) 
has no net encirclements of zero. In Figure 11.18(b), only the pole at p = —1 is contained 
within the contour Сә, and the plot of W(p) encircles the origin once in the counterclock- 
wise direction (minus-one clockwise encirclements). In Figure 11.18(c), Сз encircles all 
three poles, and the plot of W(p) encircles the origin three times in a counterclockwise 
direction. In Figure 11.18(d), C4 encircles one pole and one zero, and therefore, the plot 
of W(p) has no net encirclements of the origin. Finally, in Figure 11.18(e), all of the 
poles and the one zero of W(p) are contained within Cs, and thus, the plot of W(p) along 
this contour has two net counterclockwise encirclements of the origin. 


11.4.2 The Nyquist Criterion for Continuous-Time 
LTI Feedback Systems 


In this section, we exploit the encirclement property in examining the stability of the 
continuous-time feedback system of Figure 11.10. Stability of this system requires that 
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no zeros of 1 + KG(s)H(s), or equivalently, of the function 
R(s) = i + G(s)H(s) (11.82) 


lie in the right half of the s-plane. Thus, in applying the general result developed in the 
preceding subsection, we can consider the contour indicated in Figure 11.19. From the 
plot of R(s), as s traverses the contour C we can obtain a count of the number of zeros 
minus the number of poles of R(s) contained within the contour by counting the number 
of clockwise encirclements of the origin. As M increases to infinity, this then corresponds 
to the number of zeros minus the number of poles of R(s) in the right half of the s-plane. 





s-plane 


Figure 11.19 Closed contour con- 
taining a portion of the right-half plane; 
as M — о, the contour encloses the 
entire right-half plane. 


Let us examine the evaluation of R(s) along the contour in Figure 11.19 as M in- 
creases to infinity. Along the semicircular portion of the contour extending into the right- 
half plane, we must ensure that R(s) remains bounded as M increases. Accordingly, we 
will assume that R(s) has at least as many poles as zeros. In that case, 


Быз" 4 bacis! З ses ae bo 


AS = пз" Fap pl Ф р а 
п п 1 0 


(11.83) 


апа 


lim R(s) = Pn = constant. (11.84) 
|s|>% аһ 

Therefore, as М increases to infinity, the value of R(s) does not change as we traverse the 
semicircular part of the contour, and consequently, the constant value along this part is 
equal to the value of R(s) at the end points [i.e., R(jw) ао = +o]. 

Therefore, the plot of R(s) along the contour of Figure 11.19 can be obtained by 
plotting R(s) along the part of the contour that coincides with the imaginary axis—that is, 
the plot of R( jw) as w varies from —~ to +. Since R( jw) equals 1/K + G(jw)H (jw), 
R(s) along the contour can be drawn from knowledge of G(jw) and H(jw). If both 
the forward- and feedback-path systems are stable, G(jw) and H(jw) are simply the 
frequency-response functions of these systems. However, the encirclement property 
for the general function W(p) is simply a property of complex functions; it has nothing to 
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do with whether W(p) arose as the Laplace or z-transform of any signal and, conse- 
quently, has nothing to do with regions of convergence. Thus, even if the forward- and 
feedback-path systems are unstable, if we examine the plot of the function R(jw) = 
1/K + С(јо)Н(јо) for —9 < w < ©, we know that the net number of clockwise en- 
circlements of the origin will equal the number of zeros minus the number of poles of R(s) 
that lie in the right-half plane. 

Furthermore, from eq. (11.82), we see that the poles of R(s) are simply the poles 
of G(s)H(s), while the zeros of R(s) are the closed-loop poles. In addition, since 
G(jw)H(jw) = R(jo) — VK, it follows that the plot of G(jw)H(jw) encircles the 
point —1/K exactly as many times as R( jw) encircles the origin. The plot of G( jw)H(jw) 
as w varies from — to +% is called the Nyquist plot. From the encirclement property, we 
then see that 
The number of clockwise езшше ауанын 

plane closed-loop poles 


encirclements of the point ins dioc wee ok right- (11.85) 
=I by the Nyquist piot half plane poles of G(s)H (s). 


While the open-loop system G(s)H (s) may have unstable poles, for the closed-loop system 


to be stable we require no right-half plane closed-loop poles. This yields the continuous- 
time Nyquist stability criterion: 


Continuous-Time Nyquist Stability Criterion: For the closed-loop system to be 
stable, the net number of clockwise encirclements of the point — 1/K by the Nyquist plot 
of G( jw)H(jw) must equal minus the number of right-half-plane poles of G(s)H(s). 


Equivalently, the net number of counterclockwise encirclements of the point —1/K by 
the Nyquist plot of G(jw)H(jw) must equal the number of right-half-plane poles of 
G(s)H(s). 





For example, if the forward- and feedback-path systems are stable, then the Nyquist 
plot is simply the plot of the frequency response of the cascade of these two systems. In 
this case, since there are no poles of G(s)H(s) in the right-half plane, the Nyquist criterion 
requires that, for stability, the net number of encirclements of the point —1/K must be 
zero. 


Example 11.5 


Let 


1 


G(s) = ———-. 
в) ist 





H(s) = (11.86) 


s+’ 
The Bode plot for С(јо)Н (јо) is shown in Figure 11.20. The Nyquist plot depicted 
. in Figure 11.21 is constructed directly from the plots of the log magnitude and phase 
_ of G(jo)H( jo). That is, each point on the Nyquist plot has polar coordinates con- 
sisting of the magnitude |С( jo)H( je)| and angle <G(jw)H(jw) for some value 
of w. The coordinates of G( jw )H( jc) for w < 0 are obtained from the values for 
w > 0 through the use of the conjugate symmetry property of G(jw)H(jw). This 
property manifests itself geometrically in a very simple way, which facilitates the 
sketching of the Nyquist plot for any feedback system composed of systems with 
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Figure 11.20 Bode plot for G(jw)H(jw) in Example 11.5. 


$m (G (jo) H (jw)} 






1 Re{G(jo)H(jo)} 


Figure 11.21 Nyquist plot of G(jw)H(jw) for Example 11.5. The arrow on 
the curve indicates the direction of increasing w. 
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real impulse responses. Specifically, since |G(—jw)H(—jw)| = |G(j@)H(jw)| and 

= €G(- jo)H(- jo) = —XG(jo)H(jo), the Nyquist plot of G(jw)H(jw) for w = 0 

is a reflection about the real axis of the plot for w > 0. Note also that we have included 

an arrow on the Nyquist plot in Figure 11.21. This arrow indicates the direction of in- 

creasing «. That is, it indicates the direction in which the Nyquist plot is traversed (as 

w varies from — to +) for the counting of encirclements in the application of the 

Nyquist criterion. 

In this example there are no right-half-plane open-loop poles, and consequently, 

the Nyquist criterion requires that, for stability, there be no net encirclements of the 

_ point —1/K. Thus, by inspection of Figure 11.21, we see that the closed-loop system 
— . will be stable if the point — 1/К falls outside the Nyquist contour— that is, if 


2t 
K 





zn or —— >], (11.87) 


_ which is equivalent to 
K=0 or O>K>-1. (11.88) 


> Combining these two conditions, we obtain the result that the closed-loop system will be 
stable for any choice of K greater than —1. 


Example 11.6 
Consider now 


s+ 1 


G(s)H(s) = ——_,—_.. 
went (s = DGs + 1) 


(11.89) 
The Nyquist plot for this system is indicated in Figure 11.22. For this example, G(s)H (s) 
has one right-half-plane pole. Thus, for stability we require one counterclockwise encir- 
clement of the point —1/K, which in turn requires that the point — 1/K fall inside the 
contour. Hence, we will have stability if and only if — 1 < —1/K < 0, that is, if K > 1. 


$m (G(jo)H (jo); 






&te(G (je) H (je) 


Figure 11.22  Nyquist plot for Example 11.6. The arrow on the curve indi- 
cates the direction of increasing w. 


In the foregoing discussion, we have introduced and illustrated a form for the Nyquist 
stability criterion that applies to an extremely large class of feedback systems. In addition, 
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there are a number of refinements and extensions of the criterion that allow it to be used for 
many other feedback systems as well. For example, as we have developed it, the Nyquist 
plot can be drawn without any difficulties for stable or unstable G(s)H (s), as long as there 
аге no poles of G(s)H(s) exactly on the jw-axis. When such poles do occur, the value 
of G( jw)H (jo) is infinite at those points. However, as considered in Problem 11.44, the 
Nyquist criterion can be modified to allow for poles of G(s)H(s) on the jw-axis. In ad- 
dition, as mentioned at the beginning of this section, the Nyquist criterion can also be 
extended to the case in which G(s) and H(s) are not rational. For example, it can be shown 
that if the forward- and feedback-path systems are both stable, the Nyquist criterion is 
the same when the system functions are nonrational as it is when they are rational. That 
is, the closed-loop system is stable if there are no net encirclements of the point —1/K. 
To illustrate the application of the Nyquist criterion for nonrational system functions, we 
present the following example: 


Example 11.7 


Consider the acoustic feedback example discussed in Section 11.2.6. Referring to Fig- 
ure 11.8(b), let К = K,K> and 











G(s)H(s) = —e T = e 6T*jm, (11.90) 
where we have used the fact that e^/7 = — 1. In this case, 
G(jw)H(jw) = e HPT, (11.91) 


_ and as w varies from — to ©, G( jw)H (jw) traces out a circle of radius 1 in the clock- 
wise direction, with one full revolution for every change of 27/Т іп w. This is illus- 
trated in Figure 11.23. Since the forward- and feedback-path systems are stable [the 
cascade G(s)H (s) is simply a time delay], the Nyquist stability criterion indicates that 
- the closed-loop system will be stable if and only if —1/K does not fall inside the unit 
circle. Equivalently, we require for stability that 


IK| < 1. (11.92) 


$m (G (je) H (je)] 


d Re {G(jw)H(jo)} 


Figure 11.23 Nyquist plot for Example 11.7. 


Since K, and K represent an acoustic gain and attenuation, respectively, they are both 
_ positive, which yields the stability criterion 


KK; <1. (11.93) 
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11.4.3 The Nyquist Criterion for Discrete-Time LTI 
Feedback Systems 


As in the continuous-time case, the Nyquist stability criterion for discrete-time systems 
is based on the fact that the difference in the number of poles and zeros inside a contour, 
for a rational function, can be determined by examining a plot of the value of the function 
along the contour. The difference between the continuous-time and discrete-time cases is 
the choice of the contour. For the discrete-time case, stability of the closed-loop feedback 
system requires that no zeros of 


КО) = = + GOHO) (11.94) 


lie outside the unit circle. 

Recall that the encirclement property relates to poles and zeros inside any specified 
contour. On the other hand, in examining the stability of a discrete-time system, we are 
concerned with the zeros of R(z) outside the unit circle. Therefore, in order to make use of 
the encirclement property, we first make a simple modification. Let us consider the rational 
function 


R(z) = (2) (11.95) 


obtained by replacing z by its reciprocal. As seen in Problem 10.43, if zo is a zero (pole) 
of R(z), then 1/zo is a zero (pole) of R(z). Since 1/ |20] is less than 1 if |zo| > 1, any zero 
or pole of R(z) outside the unit circle corresponds to a zero or pole of R(z) inside the unit 
circle. 

From the basic encirclement property, we know that as z traverses the unit circle in 
a clockwise direction, the net number of clockwise encirclements of the origin by R(z) 
equals the difference between the number of its zeros and poles inside the unit circle. 
However, from the previous paragraph, this equals the difference between the number of 
zeros and poles of R(z) outside the unit circle. Furthermore, on the unit circle, z = e/” 
and l/z = e J”. Therefore, 


R(ei”) = В(е і“). (11.96) 


From this, we see that evaluating R(z) as z traverses the unit circle in the clockwise di- 
rection is identical to evaluating R(z) as z traverses the unit circle in the counterclockwise 
direction. In sum, then, 


The number of clockwise 


encirclements of the origin 

by the plot of R(e/*) е a The number of go of RG) 

unit circle is traversed in the = rs tside ae + € cle к (11.97) 
counterclockwise direction ше nun TS ‚рез of RG) 

(e.g., as w increases from 0 outside the unit circle. 


to 27) 


Much as in the continuous-time case, counting the encirclements of the origin by 
R(e/^) is equivalent to counting the number of encirclements of the point — 1/K by the 
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plot of G(e/”)H(e/”), again referred to as the Nyquist plot, which is graphed as w varies 
from 0 to 27r. Also, the poles of R(z) are precisely the poles of G(z)H(z), and the zeros of 
R(z) are the closed-loop poles. Therefore, the encirclement property stated in the preceding 
paragraph implies that the net number of clockwise encirclements by the Nyquist plot of 
the point —1/K equals the number of closed-loop poles outside the unit circle minus the 
number of poles of G(z)H (z) outside the unit circle. In order that the closed-loop system be 
stable, we require no closed-loop poles outside the unit circle. This yields the discrete-time 
Nyquist stability criterion: 


Discrete-Time Nyquist Stability Criterion: For the closed-loop system to be sta- 
ble, the net number of clockwise encirclements of the point — 1/К by the Nyquist plot 
of G(e/”)H(e/”) as w varies from 0 to 27 must equal minus the number of poles of 


G(z)H (2) that lie outside the unit circle. Equivalently, the net number of counterclock- 
wise encirclements of the point — 1/K by the Nyquist plot of G(e/^)H (e/^) as w varies 
from 0 to 27r must equal the number of poles of G(z)H (2) outside the unit circle. 





Example 11.8 
- Let 


a -2 

соно = = —. (11.98) 

Ihar ats) 

-. The Nyquist plot of this curve is shown in Figure 11.24. Since G(z)H(z) has no poles 
- outside the unit circle, for the stability of the closed-loop system there must be no encir- 

—. clements of the point — 1/K. From the figure, we see that this will be the case either if 

—1/K < —1 or if —1/K > 2. Thus, the system is stable for — 1/2 < К < 1. 





$m (G(eiv)H(ele)) 






(te(G(eio»)H(ele)) 


Figure 11.24 Nyquist plot for Example 11.8. The arrow on the curve in- 
dicates the direction in which the curve is traversed as w increases from 0 
to 27. 





Just as in continuous time, if the forward and feedback paths are stable, then the 
Nyquist plot can be obtained from the frequency responses H(e/") and G(e/^) of these 
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systems. If the forward and feedback paths are unstable, then the frequency responses are 
not defined. Nevertheless, the function G(z)H(z) can still be evaluated on the unit circle, 
and the Nyquist stability criterion can be applied. 

As we have seen in this section, the Nyquist stability criterion provides a useful 
method for determining the range of values of the gain K for which a continuous-time 
or discrete-time feedback is stable (or unstable). This criterion and the root-locus method 
are extremely important tools in the design and implementation of feedback systems, and 
each has its own uses and limitations. For example, the Nyquist criterion can be applied to 
nonrational system functions, whereas the root-locus method cannot. On the other hand, 
root-locus plots allow us to examine not only stability, but also other characteristics of the 
closed-loop system response, such as damping, oscillation frequency, and so on, which are 
readily identifiable from the location of the poles of the closed-loop system. In the next 
section, we introduce an additional tool for the analysis of feedback systems that highlights 
another important characteristic of closed-loop system behavior. 


11.5 GAIN AND PHASE MARGINS 


In this section, we introduce and examine the concept of the margin of stability in a feed- 
back system. It is often of interest not only to know whether a feedback system is stable, 
but also to determine how much the gain in the system can be perturbed and how much 
additional phase shift can be added to the system before it becomes unstable. Information 
such as this is important because in many applications the forward and feedback system 
functions are known only approximately or may change slightly during operation because 
of wear, the effect of high temperatures on components, or similar influences. 

As an example, consider the telescope-pointing system described in Section 11.0 
and illustrated in Figures 11.1(c) and (d). This system consists of a motor, a potentiometer 
converting the shaft angle to a voltage, and an amplifier that is used to amplify the voltage 
representing the difference between the desired and the actual shaft angles. Assuming that 
we have obtained approximate descriptions of each of these components, we can set the 
amplifier gain so that the system will be stable if these descriptions are accurate. However, 
the amplifier gain and the constant of proportionality that describes the angle-voltage char- 
acteristic of the potentiometer are never known exactly, and therefore, the actual gain in 
the feedback system may differ from the nominal value assumed in designing the system. 
Furthermore, the damping characteristics of the motor cannot be determined with absolute 
precision, and thus, the actual time constant of the motor response may differ from the ap- 
proximate value in the specification of the system. For example, if the actual motor time 
constant is larger than the nominal value used in the design, the motor will respond more 
sluggishly than anticipated, thereby producing an effective time delay in the feedback 
system. As we have discussed in earlier chapters, and as we will again in Example 11.11, 
time delays have the effect of increasing the negative phase in the frequency response of a 
system, and this phase shift can have a destabilizing influence on the system. Because of 
the possible presence of gain and phase errors such as those we have just described, it is 
clearly desirable to set the amplifier gain so that there is some margin for error—that is, so 
that the actual system will remain stable even if it differs somewhat from the approximate 
model used in the design process. 
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In this section, we introduce one method for quantifying the margin of stability in a 
feedback system. To do this, we consider a closed-loop system, depicted in Figure 11.25, 
that has been designed to be stable based on nominal values for the forward- and feedback- 
path system functions. For our discussion here, we let H(s) and G(s) denote these nominal 
values. Also, since the basic concepts are identical for both continuous-time and discrete- 
time systems, we will again focus our development on the continuous-time case, and at the 
end of the section we illustrate the application of these ideas to a discrete-time example. 


x(t) =O} "| y(t) 


Figure 11.25 Typical feedback 
system designed to be stable, as- 

suming nominal descriptions for H(s) 
and G(s). 


To assess the margin of stability in our feedback system, suppose that the actual 
system is as depicted in Figure 11.26, where we have allowed for the possibility of a gain 
К and phase shift ф in the feedback path. In the nominal system K is unity and ф is zero, but 
in the actual system either or both may have a different value. Therefore, it is of interest to 
know how much variation can be tolerated in these quantities without losing closed-loop 
system stability. In particular, the gain margin of the feedback system is defined as the 
minimum amount of additional gain К, with @ = 0, that is required so that the closed- 
loop system becomes unstable. Similarly, the phase margin is the additional amount of 
phase shift, with K = 1, that is required for the system to be unstable. By convention, the 
phase margin is expressed as a positive quantity; that is, it equals the magnitude of the 
additional negative phase shift at which the feedback system becomes unstable. 


а iag к qe 


Figure 11.26 Feedback system containing possible gain and phase devia- 
tions from the nominal description depicted in Figure 11.25. 


Since the closed-loop system of Figure 11.25 is stable, the system of Figure 11.26 
can become unstable if, as К and ф are varied, at least one pole of the closed-loop system 
crosses the jw-axis. If a pole of the closed-loop system is on the ,iw-axis at, say, w = wo, 
then at this frequency 


1 + Ke 7G (joo)H (оо) = 0, (11.99) 
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or 
Ke !*G(jwo)H (joo) = —1. (11.100) 


Note that with К = 1 and $ = 0, by our assumption of stability for the nominal feedback 
system of Figure 11.25, there is no value of wo for which eq. (11.100) is satisfied. The 
gain margin of this system is the minimum value of K 1 for which eq. (11.100) has a 
solution for some wo with ф = 0. That is, the gain margin is the srnallest value of К for 
which the equation 


KG(jwo)H (joo) = —1 (11.101) 


has a solution wo. Similarly, the phase margin is the minimum value of ф for which 
eq. (11.100) has a solution for some wo when K = 1. In other words, the phase margin is 
the smallest value of ф > 0 for which the equation 


e /*G(jwo)H (joo) = —1 (11.102) 

has a solution. 

To illustrate the calculation and graphical interpretation of gain and phase margins, 
we consider the following example. 

Example 11.9 

— Let 

5 4(1 + 15) 
s(1 + 2s)(1 + 0.055 + (0.1255) 





G(s)H(s) = (11.103) 


The Bode plot for this example is shown in Figure 11.27. Note that, as discussed in 
Problem 6.31, the factor of 1/jw in G(jw)H(jw) contributes —90° (— 7/2 radians) of 
.—. phase shift and a 20-dB-per-decade increase in |G(jw)H(jw)|. To determine the gain 
_ margin, we observe that, with @ = 0, the only frequency at which eq. (11.101) can be 
satisfied is that for which <G(jwo)H(jwo) = –т. At this frequency, the gain mar- 
gin in decibels can be identified by inspection of Figure 11.27. We first examine Fig- 
— ure 11.27(b) to determine the frequency w, at which the angle curve crosses the line 
— —т radians. Locating the point at this same frequency in Figure 11.27(a) provides us 
г with the value of |G( jo1)H ( jo )]|. For eq. (11.101) to be satisfied for шо = о, K must 
|. equal 1/[G( jo1)H ( jo)|. This value is the gain margin. As illustrated in Figure 11.27(a), 
__ the gain margin expressed in decibels can be identified as the amount the log-magnitude 
curve would have to be shifted up so that the curve intersects the O-dB line at the fre- 
quency о. 
In a similar fashion, we can determine the phase margin. Note first that the only 
- frequency at which eq. (11.102) can be satisfied is that for which |G( jwo)H(jwo)| = 1, 
or equivalently, 20 log,, |G(jwo)H(jwo)| = 0. To determine the phase margin, we first 
find the frequency w2 in Figure 11.27(a) at which the log-magnitude curve crosses the 
-. O-dB line. Locating the point at this same frequency in Figure 11.27(b) then provides 
us with the value of 4С (jc?) H (јоз). For eq. (11.102) to be satisfied for wo = w2, the 
_ angle of the left-hand side of this equation must be —7r. The value of $ for which this 
- is true is the phase margin. As illustrated in Figure 11.27(b), the phase margin can be 
identified as the amount the angle curve would have to be lowered so that the curve 
intersects the line —7r at the frequency о». 
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Figure 11.27 Use of Bode plots to calculate gain and phase margins for 
the system of Example 11.9. 





In determining gain and phase margins, it is not always of interest to identify ex- 
plicitly the frequency at which the poles will cross the jw-axis. As an alternative, we can 
identify the gain and phase margins from a log magnitude-phase diagram. For example, 
the log magnitude-phase diagram for the system of Figure 11.27 is shown in Figure 11.28. 
In this figure, we plot 20 1020 |G(jw)H(jo)| versus <G(jw)H(jw) as w varies from 0 
to +æ. Therefore, because of the conjugate symmetry of С(/о)Н (јо), the plot contains 
the same information as the Nyquist plot, in which Re{G(jw)H(jw)} is plotted versus 
Im{G(jw)H(jw)} for —® < w < ©, As we have indicated, the phase margin сап be read 
off by locating the intersection of the log magnitude-phase plot with the 0-dB line. That 
is, the phase margin is the amount of additional negative phase shift required to shift the 
log magnitude-phase curve so that it intersects the 0-4В line with exactly 180? (7 ra- 
dians) of phase shift. Similarly, the gain margin is directly obtained from the intersec- 
tion of the log magnitude-phase curve with the line —7 radians, and this represents the 
amount of additional gain needed so that the curve crosses the line —7r with a magnitude 
of 0 dB. 

The following examples provide several other elementary illustrations of log mag- 
nitude-phase diagrams: 
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Gain margin 


Figure 11.28 Log magnitude- 
: | phase plot for the system of Exam- 
£G(jw)H (jw) ple 11.9. 


Example 11.10 





G(s)H(s) = — T т> 0. (11.104) 
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Figure 11.29 100 magnitude-phase plot for the first-order system of Ex- 
ample 11.10. 
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In this case, we obtain the log magnitude-phase plot depicted in Figure 11.29. This has 
a phase margin of т, and since the curve does not intersect the line — т, the system 
has infinite gain margin (i.e., we can increase the gain as much as we like and maintain 
stability). This is consistent with the conclusion that we can draw by examining the 
system illustrated in Figure 11.30(a). In Figure 11.30(b), we have depicted the root locus 
for this system with ф = 0 and К > 0. From the figure, it is evident that the system is 
stable for any positive value of К. In addition, if K = 1 and ф = т, so that e/ = —1, 
the closed-loop system function for the system of Figure 11.30(a) is 1/7s, which has а 
pole at s = 0, so that the system is unstable. 


y(t) 





Im 


Re 


(b) 


Figure 11.30 (а) First-order feedback system with possible gain and 
phase variations in the feedback path; (b) root locus for this system with 
¢=0,K>0. 





Example 11.11 







_ Suppose we now consider the second-order system 


1 


A) = ERIT 


G(s) = 1. (11.105) 
The system H(s) has an undamped natural frequency of 1 and a damping ratio of 0.5. The 
log magnitude-phase plot for this system is illustrated in Figure 11.31. Again we have in- 
- finite gain margin, but a phase margin of only 77/2, since it can be shown by a straightfor- 

ward calculation that |H( jo)| = | forw = 1, and at this frequency LH(jw) = —т/2. 
| We can now illustrate the type of problem that can be solved using the concepts 

of gain and phase margins. Suppose that the feedback system specified by eq. (11.105) 
cannot be realized. Rather, some unavoidable time delay is introduced into the feedback 
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path. That is, 

Gs) =e", (11.106) 
where т is the time delay. What we would like to know is how small this delay must be 
to ensure the stability of the closed-loop system. 
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Figure 11.31 Log magnitude-phase plot for the second-order system of 
Example 11.11. 


The first point to note is that 


е e 1, (11.107) 
so the delay does not change the magnitude of H(jw)G( jw). On the other hand, 
Xe |" = —wr radians. (11.108) 


Thus, every point on the curve in Figure 11.31 is shifted to the /eft. The amount of the 
shift is proportional to the value of @ for each point on the log magnitude-phase curve. 
From this discussion, we see that instability will occur once the phase margin is 
reduced to zero, and this will happen when the phase shift introduced by the delay is 
equal to —7/2 atw = 1. That is, the critical value т? of the time delay satisfies 
(11.109) 


т 


3' 


«e = -r = – 


or (assuming that the units of о аге radians/second) 
T' = 1.57 seconds. (11.110) 


Thus, for any time delay т < т“, the system remains stable. 


Example 11.12 


Consider again the acoustic feedback system discussed in Section 11.2.6 and Exam- 
> ple 11.7. Here, we assume that the system of Figure 11.8 has been designed with Kı K2 < 
1, so that the closed-loop system is stable. In this case, the log magnitude-phase plot for 
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Figure 11.32 Log magnitude-phase plot for Example 11.12. 


G(s)H(s) = K\K2e~°" *J? is illustrated in Figure 11.32. From the figure, we see that the 
system has infinite phase margin and a gain margin in decibels of —20 log), (Ki K2) (i.e., 
this is precisely the gain factor that, when multiplied by K, Кэ, equals 1). 

As indicated at the start of the section, the definitions of the gain and phase margin 
are the same for discrete-time feedback systems as for continuous-time systems. Specifi- 
cally, if we have a stable discrete-time feedback system, the gain margin is the minimum 
amount of additional gain required in the feedback system such that the closed-loop sys- 
tem becomes unstable. Similarly, the phase margin is the minimum amount of additional 
negative phase shift required for the feedback system to be unstable. The following ex- 
ample illustrates the graphical calculation of phase and gain margins for a discrete-time 
feedback system; the procedure is essentially the same as for continuous-time systems. 


Example 11.13 


In this example, we illustrate the concept of gain and phase margin for the discrete-time 
feedback system shown in Figure 11.33. Here, 

12v 

: (11.111) 





G(z)H(z) = ` 
]- z! + 872 


and by direct calculation we can check that the feedback system is stable for K = 1 
and ф = 0. In Figure 11.34, we have displayed the log magnitude-phase diagram for 


1 


y(n] 





Figure 11.33  Discrete-time feedback system of Example 11.13. 
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Figure 11.34 Log magnitude-phase diagram for the discrete-time feedback 
system of Example 11.13. 


the system; that is, we have plotted 20 logi; |G(e/")H (e/")| versus XG(e/")H(e/*) as 
w varies from 0 to 27. The system has a gain margin of 1.68 dB and a phase margin of 
0.0685 radians (3.93?). 


In concluding this section, it should be stressed that the gain margin is the minimum 
value of gain that moves one or more of the closed-loop poles onto the jw-axis in continu- 
ous time or the unit circle in discrete time and, consequently, causes the system to become 
unstable. It is important to note, however, that this does not imply that the system is un- 
stable for all values of gain above the value specified by the gain margin. For example, 
as illustrated in Problem 11.47, as K increases, the root locus may move from the left-half 
plane into the right-half plane and then cross back into the left-half plane. The gain margin 
provides us with the information about how much the gain can be increased until the poles 
first reach the jw-axis, but it tells us nothing about the possibility that the system may 
again be stable for even larger values of the gain. To obtain such information, we must 
either refer to the root locus or use the Nyquist stability criterion. (See Problem 11.47.).4 


11.6 SUMMARY 


In this chapter, we have examined a number of the applications and several techniques for 
the analysis of feedback systems. We have seen how the use of Laplace and z-transforms 
allows us to analyze these systems algebraically and graphically. In Section 11.2 we in- 
dicated several of the applications of feedback, including the design of inverse systems, 


*For detailed discussions of this point and also of gain and phase margins and log magnitude-phase 
diagrams in general, see the texts on feedback listed in the bibliography at the end of the book. 
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the stabilization of unstable systems, and the design of tracking systems. We also saw that 
feedback can destabilize, as well as stabilize, a system. 

In Section 11.3, we described the root-locus method for plotting the poles of the 
closed-loop system as a function of a gain parameter. Here, we found that the geometric 
evaluation of the phase of a rational Laplace transform or z-transform allowed us to gain 
a significant amount of insight into the properties of the root locus. These properties of- 
ten permit us to obtain a reasonably accurate sketch of the root locus without performing 
complex calculations. 

In contrast to the root-locus method, the Nyquist criterion of Section 11.4 is a tech- 
nique for determining the stability of a feedback system, again as a function of a variable 
gain, without obtaining a detailed description of the location of the closed-loop poles. The 
Nyquist criterion is applicable to nonrational system functions and thus can be used when 
all that is available are experimentally determined frequency responses. The same is true of 
the gain and phase margins described in Section 11.5. These quantities provide a measure 
of the margin of stability in a feedback system and therefore are of importance to design- 
ers in that they allow them to determine how robust a feedback system is to discrepancies 
between estimates of the forward- and feedback-path system functions and their actual 
values. 


Chapter 11 Problems 


The first section of problems belongs to the basic category, and the answers are pro- 
vided in the back of the book. The remaining three sections contain problems belonging 
to the basic, advanced, and extension categories, respectively. 


BASIC PROBLEMS WITH ANSWERS 


11.1. Consider the interconnection of discrete-time LTI systems shown in Figure P11.1. 
Express the overall system function for this interconnection in terms of Ho(z), 
H(z), and G(z). 


x[n] yin] 





Figure P11.1 
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11.2. 


х(ї) 


11.3. 


11.4. 


11.5. 


11.6. 


11.7. 
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Consider the interconnection of discrete-time LTI systems shown in Figure P11.2. 
Express the overall system function for this interconnection in terms of Hj(s), 
H»(s), Gi(s), and G»(s). 


y(t) 





Figure P11.2 


Consider the continuous-time feedback system depicted in Figure 11.3(a) with 


Hs) = and G(s) = s— b. 


5—1 


For what real values of b is the feedback system stable? 








A causal LTI system S with input x(r) and output y(t) is represented by the differ- 
ential equation 
PYA | ауд) dx(r) 
+ ——— = 1 
dr? dt > 0 dt 


S is to be implemented using the feedback configuration of Figure 11.3(a) with 
H(s) = 1/( + 1). Determine G(s). 


Consider the discrete-time feedback system depicted in Figure 11.3(b) with 
1 
H(z) = —i— ad  G(g-1-bz!. 
p= ge 


For what real values of b is the feedback system stable? 


Consider the discrete-time feedback system depicted in Figure 11.3(b) with 
H()-1-z" and С) = = сла 
Is this system ПК or FIR? 
Suppose the closed-loop poles of a feedback system satisfy 
: Se ad 
(s + 2)(s + 3) K, 
Use the root-locus method to determine the values of K for which the feedback 
system is guaranteed to be stable. 


11.8. 


11.9. 


11.10. 
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Suppose the closed-loop poles of a feedback system satisfy 


s=] d 
(5+ (5+2) K 


Use the root-locus method to determine the negative values of К for which the 
feedback system is guaranteed to be stable. 


Suppose the closed-loop poles of a feedback system satisfy 
(e+ Dis+3).. 1 


(s--25-4) K 





Use the root-locus method to determine whether there are any values of the ad- 
justable gain K for which the system's impulse response has an oscillatory compo- 
nent of the form e “ cos(wot + ф), where wo # 0. 

The root locus corresponding to G(s)H(s) = —1/K is illustrated in Figure P11.10. 
In this figure, the start (K = 0) and end of each branch of the root locus are marked 
by a ө’ symbol. Specify the poles and zeros of G(s)H(s). 


$m 





Im 


Figure P11.10 
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11.11. 


11.12. 


11.13. 





11.14. 
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Suppose the closed-loop poles of a discrete-time feedback system satisfy 


1° 1 


A-leiz) Ж 


Using the root-locus method, determine the positive values of К for which this 
system is stable. 

Each of the four locations z = 1/2, z = 1/4,z = 0, andz = —1/2isasingle-order 
pole or zero of G(z)H(z). Furthermore, G(z)H(z) is known to have only two poles. 
What information can you deduce about the poles and zeros of G(z)H (z) from the 
fact that for all K, the root locus corresponding to 


1 
G(z)H(z) = = К 


is on the real axis. 


Consider the block diagram of Figure P11.13 for a discrete-time system. Use the 
root-locus method to determine the values of K for which the system is guaranteed 
to be stable. 


у[п] 


Figure P11.13 


Let C be a closed path that lies on the unit circle in the p-plane and that is traversed 
in the clockwise direction in order to evaluate W(p). For each of the following 
expressions for W(p), determine the net number of times the plot of W(p) encircles 
the origin in a clockwise direction: 

_ -ip 
(а) W(p) = © Ty 


(b) W(p) - (1-2p y 


(1-5p^!)1-2p^! +4 p-*) 





11.15. 


11.16. 


11.17. 


11.18. 


11.19. 


11.20. 
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Consider a continuous-time feedback system whose closed-loop poles satisfy 


a B 
+) K 





G(s)H(s) — 


Use the Nyquist plot and the Nyquist stability criterion to determine the range 
of values of K for which the closed-loop system is stable. Hint: In sketching the 
Nyquist plot, you may find it useful to sketch the corresponding Bode plot first. It 
also is helpful to determine the values of w for which G( јо) Н ( jo) is real. 


Consider a continuous-time feedback system whose closed-loop poles satisfy 


1 1 


GON = er Ж 





Use the Nyquist plot and the Nyquist stability criterion to determine the range of 
values of K for which the closed-loop system is stable. 


Consider a continuous-time feedback system whose closed-loop poles satisfy 


1 1 
G(s)H(s) G+ Bra 





Use the Nyquist plot and the Nyquist stability criterion to determine the range of 
values of K for which the closed-loop system is stable. 


Consider a discrete-time feedback system whose closed-loop poles satisfy 


G(2H(2 = 2° = -5 


Use the Nyquist plot and the Nyquist stability criterion to determine the range of 
values of K for which the closed-loop system is stable. 


Consider a feedback system, either in continuous-time or discrete-time, and sup- 
pose that the Nyquist plot for the system passes through the point —1/К. Is the 
feedback system stable or unstable for this value of the gain? Explain your answer. 
Consider the basic continuous-time feedback system of Figure 11.3(a). Determine 
the phase and gain margin for the following specification of H (5) and G(s): 


gt] 


a= s +s+’ 


G(s) = 1. 


BASIC PROBLEMS 


11.21. 


Consider the feedback system of Figure P11.21. Find the closed-loop poles and 
zeros of this system for the following values of K: 


Gi) K=0.1 
(ii) K =1 
(iii) K = 10 


(iv)-K = 100 
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11.22. 


11.23. 


11.24. 


11.25. 
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y(t) 


Figure P11.21 


Consider the basic feedback system of Figure 11.3(a). Determine the closed-loop 
system impulse response for each of the following specifications of the system 
functions in the forward and feedback paths: 

(а) H(s) = cu GOs) = 1 


(b) H(s) = —4, Gs) = d 


$3? mu 
(с) H(s) = 5, G(s) = e? 
Consider the basic feedback systems of Figure 11.3(b). Determine the closed-loop 
system impulse response for each of the following specifications of the system 
functions in the forward and feedback paths: 


(a) Н) = 57,00) = 3-32! 


i= 6 
(b H(z) = 2 – 1271, G) = | 


Sketch the root loci for K > 0 and K < 0 for each of the following: 
(a) G(s)H(s) = 


stl 


(b) G()H(s) = —! 


(c) G(s)H(s) = 


(d) G(s)H(s) = = 


(s—1)(s+3) 
1 


Ss 


sl 
2 








(е) G(s)H(s) = SH 
@ GG)H(G) = S242 
(в) G(s)H(s) = $5255 
h) G(s)H(s) = S25 


Sketch the root loci for K > 0 and K < 0 for each of the following: 


(a) G(z)H(z) = 
(b) G(z)H(z) = 





E 

z-1 

z=! 
2 


a 1. 





© G@H@ = 21022 


(d G()H()-7z!-z? 
(e) G(z)H(z) is the system function of the causal LTI system described by the 
difference equation 


y[n] — 2y[n — 1] = x[n — 1] — x[n — 2]. 


11.26. 


11.27. 


11.28. 


11.29. 
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Consider a feedback system with 


(s — a)(s — b) 


Sketch the root locus for K > 0 and К < 0 for the following values of a and b: 


(а) а=1, b=2 (ba--2 b-2  (Qa--4 b= 
(a--7, b-2  (Sa--L b--2 (fa--4 b=- 
(в) а= –7, b--2 (ha--5 b--4 (@ а= –7, b--4 


(jj) а= –7, b= –8 
Consider a feedback system with 


(a) Sketch the root locus for K > 0. 
(b) Sketch the root locus for K < 0. 
(c) Find the smallest positive value of K for which the closed-loop impulse re- 
sponse does not exhibit any oscillatory behavior. 

Sketch the Nyquist plot for each of the following specifications of G(s)H (s), and 
use the continuous-time Nyquist criterion to determine the range of values of K (if 
any such range exists) for which the closed-loop system is stable. Note: In sketch- 
ing the Nyquist plots, you may find it useful to sketch the corresponding Bode plots 
first. It also is helpful to determine the values of w for which G( jw)H(jw) is real. 
(a) G(s)H(s) = 4 (b) G(s)H(s) = 34 
(с) G()H() = у Ф) G(9H() = Gp 
(е) GH) = ds © GOH) = Sh 

l 





(в) G(s)H(s) = X h) G()H(G) = a 
@ G()H() = 335 0) GOH) = cis 


(К) G(s)H(s) = 


Consider the basic continuous-time feedback system of Figure 11.3(a). Sketch the 
log magnitude-phase diagram, and roughly determine the phase and gain margin, 
for each of the following choices of G(s) and H(s). You may find it useful to use 
the straight-line approximations to the Bode plots developed in Chapter 6 to aid 
you in sketching the log magnitude-phase diagrams. Be careful, however, to take 
into account how the actual frequency response deviates from its approximation 
near break frequencies when there are underdamped second-order terms present. 
(See Section 6.5.2.) 

(a) H(s) = RP", Gs) = 1 

(b) H(s) = 3%", Gs) = 1 


2ü 
(5+1) 


st+st+1? 
(с) H(s) = perio Gs) = 100 
(d) H(s) = By GG) = 17 
(е) H(s) = Lg. Gs) = 1 


(s+ 1)(s+10)? 
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11.30. 


11.31. 


(D H(s) = = DE G(s) = 


(80) Нб) = i. 6G) = уң 
Note: Your sketch for part Ste should reflect the fact that for this feedback 
system |G(jw)H(jw)| — © as w — 0; what is the phase of G(jw)H(jw) for 
w = 0*,i.e., for о an infinitesimal amount larger than 0? 
Sketch the Nyquist plot for each of the following specifications of G(z)H(z), and 
use the discrete-time Nyquist criterion to determine the range of values of K (if any 
such range exists) for which the closed-loop system is stable. [Note: In sketch- 
ing the Nyquist plots, you may find it useful to first sketch the magnitude and 
phase plots as a function of frequency or at least calculate |С(е?® )H (е?°)| апа 
<G(e/”)H(e!”) at several points. Also, it is helpful to determine the values of w 
for which G(e/”)H (ei is real.] 
(a) G(2H(z) = = (b) G(z2)H(z) = L 


(0 сона = г! (d) GOHO = 272 


10s+1 
prt 




















EE TS 
(e G(z)H(z) = THD ( G(z)H(z) = SERE 
(g СОНО = a h) GOHO) = 2 
() GOH) = = 


Consider the basic discrete-time system in Figure 11.3(b). Sketch the log magnitude- 
phase diagram, and roughly determine the phase and gain margin, for each of the 
following choices of G(z) and H(z). You may find it useful to determine the values 
of о for which either |G(e/”)H(e/”)| = 1 or «G(e/") = -r 

(a) H(z) = " Gi) = 


н аз 


(b) A(z) = —-—,.G(z) 

(c) H(z) = RUD - gr 
(d) H(z) = 5 G(z)= 1 

(e) H(z) = 17,00 = m 

@ H(z) = 8199 = 1- ый 

(g) H(z) = zr A = 

(h) H(z) = 1G = zz! 


(Note: Your eet for part (b) should reflect the fact that, for this feedback system, 
G(z)H(z) has a pole at z = 1; what are the values of 4:G(e/")H(e/^) for е?® just 
on either side of the point z = 1?) 


ADVANCED PROBLEMS 


11.32. 








(a) Consider the feedback system of Figure 11.10(b) with 
N\(s) N»(s) 
A(s) = G(s) = . P11.32-1 
Өт neo 99 р) | i 


(b 


) 


(c) 


(d 


ме 
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Assume that there is no pole-zero cancellation in the product G(s)H(s). Show 
that the zeros of the closed-loop system function consist of the zeros of H(s) 
and the poles of G(s). 

Use the result of part (a) together with the appropriate property of the root 
locus to confirm that, with K = 0, the closed-loop system zeros are the zeros 
of H(s) and the closed-loop poles are the poles of H(s). 

While it is usual for H(s) and G(s) in eq. (P11.32-1) to be in reduced form 
[i.e., the polynomials N;(s) and D,(s) have no common factors, and the same 
is true of N2(s) and D>(s)], it may happen that N; (s) and D2(s) have common 
factors or N»(s) and Р (5) have common factors. To see what occurs when 
such common factors are present, let p(s) denote the greatest common factor 
of №(5) and D2(s). That is, 


Ni(s) and D»(s) 














p(s) p(s) 
are both polynomials and have no common factors. Similarly, 
N»(s) - D\(s) 
q(s) qs) 


are polynomials and have no common factors. Show that the closed- loop sys- 
tem function can be written as 


Q(s) = "er d (P11.32-2) 


(s) | 1+ KG(s)H(s) 

where 
_ Ni(syp(s) 
Н) = p Ga) 

and 

^ N(s)/q(s) 
бй = ЛУ, 
O = Буур) 


Therefore, from eq. (P11 .32-2) and part (a), we see that the zeros of Q(s) are 
the zeros of p(s), the zeros of H (s), and the poles of G(s), while the poles of 
Q(s) are the zeros of q(s) and the solutions of 


1 + KG(s)A(s) = 0. (P11.32-3) 


By construction, there is no pole-zero cancellation in the product G(s)A(s), and 
thus, we can apply the root-locus method described in Section 11.3 to sketch 
the locations of the solutions of eq. (P11.32—3) as K is varied. 

Use the procedure outlined in part (c) to determine the closed-loop zeros, any 
closed-loop poles whose locations are independent of K, and the locus of the 
remaining closed-loop poles for K > 0 when 


N 


$4-] sc 
HOT Grsgcrz 997; 





— 
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(e) Repeat part (d) for 


1+ 27! _ Dd 
HO = Ep 007177 
(f) Let 
- г yal 
НО = әнар COS > 


(i) Sketch the root locus for K > 0 and for K < 0. 
(ii) Find all the values of K for which the overall system is stable. 
(iii) Find the impulse response of the closed-loop system when K = 4. 


11.33. Consider the feedback system of Figure 11.10(a), and suppose that 


11.34. 


m 


| |e — 8) 


G()H(s) = {-——., 


[16 — д) 
k=1 


where m > n In this case G(s)H(s) has m — n poles at infinity (see Chapter 9), 
and we can adapt the root-locus rules given in the text by noting that (1) there are 
m branches of the root locus and (2) for K — 0, all branches of the root locus begin 
at poles of G(s)H (s), m — n of which are at infinity. Furthermore, as |K| — ~, these 


branches converge to the m zeros of G(s)H (s), namely, Bi, B», ..., Bm. Use these 
facts to assist you in sketching the root locus (for K > 0 and for K < 0) for each 
of the following: 


(a) G(s)H(s) = 5 – 1 

(b) G(s)H(s) = (s + 1)(5 + 2) 

(с) G(s)H(s) = 80022) 

In Section 11.3, we derived a number of properties that can be of value in deter- 
mining the root locus for a feedback system. In this problem, we develop several 
additional properties. We derive these properties in terms of continuous-time sys- 
tems, but, as with all root-locus properties, they hold as well for discrete-time root 
loci. For our discussion of these properties, we refer to the basic equation satisfied 
by the closed-loop poles, namely, 


G(s)H(s) = 2 (P11.34-1) 


5Note that for a continuous-time system, the condition m > n implies that the system with system func- 


tion G(s)H (s) involves differentiation of the input. [In fact, the inverse transform of G(s)H (s) includes singu- 
larity functions up to the order m — n.] In discrete time, if G(z)H (2), written as a ratio of polynomials іп z, has 


т> п, 


it is necessarily the system function of a noncausal system. [In fact, the inverse transform of С(2)Н (2) 


has a nonzero value at time n — m < 0.] Thus, the case considered in this problem is actually of interest only 
for continuous-time systems. 
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where 


m 


Пе-в0 Xbt 
_ k=0 


G(s)H(s) = Е 


= = | 
[1 — a) Pas 
k=1 k=0 





(P11.34-2) 


Im S 


Re 


Figure P11.34 


Throughout this problem, we assume that m = n. 

(a) From Property 2, we know that n — т branches of the root locus go to ze- 
ros of G(s)H (s) located at infinity. In this first part, we demonstrate that it is 
straightforward to determine the angles at which these branches approach in- 
finity. Specifically, consider searching the remote part of the s-plane [i.e., the 
region where |s| is extremely large and far from any of the poles and zeros of 
G(s)H (s)]. This region is illustrated in Figure P11.34. Use the geometry of the 
picture, together with the angle criterion for К > 0 and for K < 0, to deduce 
that: 


* For К > 0, the n — m branches of the root locus that approach infinity do so 


at the angles 


(2k + 1)т 
п-т 


а k-—01..25 n—m- 1. 
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e For K < 0, the n — m branches of the root locus that approach infinity do so 
at the angles 


2Кт 
п-т 





a ke50.L...2—m-L 


Thus, the branches of the root locus that approach infinity do so at specified angles 
that are arranged symmetrically. For example, for n — m = 3 and К > 0, we see 
that the asymptotic angles are 7/3, т, and 57/3. The result of part (a), together with 
one additional fact, allows us to draw in the asymptotes for the branches of the root 
locus that approach infinity. Specifically, all of the n — m asymptotes intersect at a 
single point on the real axis. This is derived in the next part of the problem. 

(b) (i) Asa first step, consider a general polynomial equation 


s+ fs | ++ fo = 6 -&)6-—4) (6—6) = 0. 
Show that 


йе = => &. 
i=l 


(ii) Perform long division on 1/G(s)H(s) to write 


1 — n-m nes 
G(s)H(s) =$ + Yn—m-15 SES edes (Р11.34—3) 


Show that 
m n 
УҮп-т-1 = àn-| 7 bm-1 = D> Bi <= У` о. 


к= 1 k=1 
[See eq. (P11.34—2).] 
(ii) Argue that the solution of eq. (P11.34—1) for large s is an approximate 
solution of the equation 
gw ал iin + tna ilio pety + К = 0, 


(iv) Use the results of (1)-(iii) to deduce that the sum of the n — m closed-loop 
poles that approach infinity is asymptotically equal to 


B 7 аһ-1. 
Thus, the center of gravity of these n — m poles is 


Бл—1 — An-| 
n-m ’ 
which does not depend оп К. Consequently, we have п — т closed-loop 
poles that approach |s| = œ% at evenly spaced angles and that have a center 
of gravity that is independent of K. From this, we can deduce that: 
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The asymptotes of the n — т branches of the root locus that approach 
infinity intersect at the point 


Dor = 2 B. 
k-1 ep. 


bs i — g-| - 
n-m n—m 
This point of intersection of the asymptotes is the same for K > 0 and 
K « 0. 
(c) Suppose that 
G(s)H(s) = : 


(s + 1)(5 + 3)(5 +5) 


(i) What are the asymptotic angles for the closed-loop poles that approach 
infinity for K > 0 and for K < 0? 

(ii) What is the point of intersection of the asymptotes? 

(iii) Draw in the asymptotes, and use them to help you sketch the root locus 
for K > 0 and for K < 0. 

Repeat part (c) for each of the following: 

O GOH = gx 

(ii) G(s)H(s) = 

(ш) G(s)H(s) = ACTRESS 

(iv) GG)H(G) = zs 


(d 


МЈ 


~ 


(s+2)2(s—1)? 


E 5+3 
(у) G(s)H(s) = PHT 
& РЕР + 
(v) GOHO) = cst 
(vii) G(s)H(s) = SHl 


(5+100)(5— 1)(5=2) 
(е) Use the result of part (a) to palin why the following statement is true: For 
any continuous-time feedback system, with G(s)H(s) given by eq. (P11.34— 
2), if n — m = 3, we can make the closed-loop system unstable by choosing 
|K| large enough. 
(f) Repeat part (c) for the discrete-time feedback system specified by 


ў 


(= 20 + 1271) 


(е) Explain why the following statement is true: For any discrete-time feedback 
system with 


G(z)H(z) = 


2" + Dag eas 


G(z)H(z) = ; 
(2) (2) z” + an-17™! +--+ ag 





if n > m, we can make the closed-loop system unstable by choosing |К| large 
enough. 


11.35. (a) Consider again the feedback system of Example 11.2: 
= 1 


S 
G(s)H(s) = (s+ DG-2y 
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(b 


— 


The root locus for K < 0 is plotted in Figure 11.14(b). For some value of K, 
the closed-loop poles are on the jw-axis. Determine this value of K and the 
corresponding locations of the closed-loop poles by examining the real and 
imaginary parts of the equation 


1 
GCjo)HCjo) = — ге 


which must be satisfied if the point з = jw is оп the root locus for any given 
values of K. Use this result plus the analysis in Example 11.2 to find the full 
range of values of K (positive and negative) for which the closed-loop system 
is stable. 

Note that the feedback system is unstable for |K| sufficiently large. Explain 
why this is true in general for continuous-time feedback systems for which 
G(s)H (s) has a zero in the right-half plane and for discrete-time feedback sys- 
tems for which G(z)H (z) has a zero outside the unit circle. 


11.36. Consider a continuous-time feedback system with 


(a) 
(b) 


(c) 


1 


CO = aD E 


(P11.36-1) 


Sketch the root locus for K > 0 and for K < 0. (Hint: The results of Problem 
11.34 are useful here.) 

If you have sketched the locus correctly, you will see that for K > 0, two 
branches of the root locus cross the jw-axis, passing from the left-half plane 
into the right-half plane. Consequently, we can conclude that the closed-loop 
system is stable for 0 < K < Ko, where Ko is the value of the gain for which 
the two branches of the root locus intersect the j«-axis. Note that the sketch 
of the root locus does not by itself tell us what the value of Ko is or the exact 
point on the jw-axis where the branches cross. As in Problem 11.35, deter- 
mine Ko by solving the pair of equations obtained as the real and imaginary 
parts of 


G(jo)H(jo) — E (P11.36—2) 


Determine the corresponding two values of w (which are the negatives of each 
other, since poles occur in complex-conjugate pairs). 

From your root-locus sketches in part (a), note that there is a segment 
of the real axis between two poles which is on the root locus for K > 0, and 
a different segment is on the locus for K < 0. In both cases, the root locus 
breaks off from the real axis at some point. In the next part of this problem, we 
illustrate how one can calculate these breakaway points. 

Consider the equation denoting the closed-loop poles: 


G(s)H(s) — -2 (P11.36-3) 
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p(s) 
(a) 
". p(s) 
r-—2 S- - м. 5 
, (b) Figure P11.36 


Using eq. (P11.36-1), show that an equivalent equation for the closed loop 
poles is 


p(s) = $ + 352 + 25 = —K. (P11.36-4) 


Consider the segment of the real axis between 0 and —1. This segment is on 
the root locus for K = 0. For К = 0, two branches of the locus begin at 0 and 
— 1 and approach each other as К is increased. 

(i) Use the facts stated, together with eq. (P11.36—4), to explain why the 
function p(s) has the form shown in Figure P11.36(a) for -1 = s = 0 
and why the point s+ where the minimum occurs is the breakaway point 
(i.e., itis the point where the two branches of the K > 0 locus break from 
the segment of the real axis between — 1 and 0). 

Similarly, consider the root locus for K « 0 and, more specifically, 
the segment of the real axis between —1 and —2 that is part of this locus. 
For K — 0, two branches of the root locus begin at — 1 and —2, and as K 
is decreased, these poles approach each other. 

(ii) In an analogous fashion to that used in part (i), explain why the function 
p(s) has the form shown in Figure P11.36(b) and why the point s_ where 
the maximum occurs is the breakaway point for K < 0. 

Thus, the breakaway points correspond to the the maxima and min- 
ima of p(s) as s ranges over the negative real line. 

(iii) The points at which p(s) has a maximum or minimum are the solutions 
of the equation 


dp(s) _ 
ds 
Use this fact to find the breakaway points s+ and s_, and then use eq. 
(P11.36—4) to find the gains at which these points are closed-loop poles. 
In addition to the method illustrated in part (c), there are other, partially 


analytical, partially graphical methods for determining breakaway points. It is also 
possible to use a procedure similar to the one just illustrated in part (c) to find the 
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“break-in” points, where two branches of the root locus merge onto the real axis. 
These methods plus the one illustrated are described in advanced texts such as 
those listed in the bibliography at the end of the book. 


One issue that must always be taken into account by the system designer is the 
possible effect of unmodeled aspects of the system one is attempting to stabilize or 
modify through feedback. In this problem, we provide an illustration of why this 
is the case. Consider a continuous-time feedback system, arid suppose that 


1 


апа 
G(s) = К. (P11.37-2) 


(a) Use root-locus techniques to show that the closed-loop system will be stable if 
K is chosen large enough. 

Suppose that the system we are trying to stabilize by feedback actually has a 
system function 


(b 


— 


1 
(з + 10)(s — 2)(10-3s5 + 1) 





H(s) = (P11.37-3) 
The added factor can be thought of as representing a first-order system in cas- 
cade with the system of eq. (P11.37-1). Note that the time constant of the 
added first order system is extremely small and thus will appear to have a step 
response that is almost instantaneous. For this reason, one often neglects such 
factors in order to obtain simpler and more tractable models that capture all of 
the important characteristics of the system. However, one must still keep these 
neglected dynamics in mind in obtaining a useful feedback design. To see why 
this is the case, show that if G(s) is given by eq. (P11.37—2) and H(s) is as in 
eq. (P11.37—3), then the closed-loop system will be unstable if К is chosen too 
large. Hint: See Problem 11.34. 

(c) Use root-locus techniques to show that if 


G(s) = K(s + 100), 


then the feedback system will be stable for all values of K sufficiently large if 
H(s) is given by eq. (P11.37-1) or eq. (P11.37—3). 
Consider the feedback system of Figure 11.3(b) with 


Kz! 


H(z) = Po 


and 
G(z) —-1-az |. 


(a) Sketch the root locus for K > 0 and К < 0 when а = 1/2. 
(b) Repeat part (a) when a = —1/2. 
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(c) With a = —1/2, find a value of K for which the closed-loop impulse response 
is of the form 
(A + Bn)a" 


for some values of the constants A, B, and а, with |o| < 1. (Hint: What must 
the denominator of the closed-loop system function look like in this case?) 


11.39. Consider the feedback system of Figure P11.39 with 


H(z) = 


== = Ge) =k (P11.39-1) 


1 
I~ 32 





Figure P11.39 


(a) Plot the root locus for K > 0. 

(b) Plot the root locus for K < 0. (Note: Be careful with this root locus. By ap- 
plying the angle criterion on the real axis, you will find that as K is decreased 
from zero, the closed loop approaches z = +% along the positive real axis and 
then returns along the negative real axis from z = —. Check that this is in 
fact the case by explicitly solving for the closed-loop pole as a function of K. 
At what value of K is the pole at |z| = 2?) 

(c) Find the full range of values of K for which the closed-loop system is stable. 

(d) The phenomenon observed in part (b) is a direct consequence of the fact that 
in this example the numerator and denominator of G(z)H(z) have the same 
degree. When this occurs in a discrete-time feedback system, it means that 
there is a delay-free loop in the system. That is, the output at a given point in 
time is being fed back into the system and in turn affects its own value at the 
same point in time. To see that this is the case in the system we are considering 
here, write the difference equation relating y[n] and e[n]. Then write е[п] in 
terms of the input and output for the feedback system. Contrast this result with 
that of the feedback system with 


Нд = =—— 600) = К (P11.39-2) 
1 = 22 


The primary consequence of having delay-free loops is that such feed- 
back systems cannot be implemented in the form depicted. For example, 
for the system of eq. (P11.39-1), we cannot first calculate e[n] and then у[л], 
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because e[n] depends on y[n]. Note that we can perform this type of calcula- 
tion for the system of eq. (P11.39—2), since e[n] depends on y[n — 1]. 

(e) Show that the feedback system of eq. (P11.39—1) represents a causal system, 
except for the value of K for which the closed-loop pole is at |z| = =, 


11.40. Consider the discrete-time feedback system depicted in Figure P11.40. The system 
in the forward path is not very well damped, and we would like to choose the 
feedback system function so as to improve the overall damping. By using the root- 
locus method, show that this can be done with 


"m 
G(z = 1 z? 4 





х[п] у[п] 





Figure P11.40 


Specifically, sketch the root locus for K > 0, and specify the value of the gain K 
for which a significant improvement in damping is obtained. 


11.41. (a) Consider a feedback system with 


1+1 K 
H(z) = vw G(z) = ——. 


(i) Write the closed-loop system function explicitly as a ratio of two polyno- 
mials. (The denominator polynomial will have coefficients that depend 
on K.) 
(ii) Show that the sum of the closed-loop poles is independent of К. 
(b) More generally, consider a feedback system with system function 


z" b, az" | +++ + bo 


G(zH(z) = K ^ 
(2) (z) zZ” + an-1Z"7! +--+ + ao 


Show that if m = n — 2, the sum of the closed-loop poles is independent of К. 
11.42. Consider again the discrete-time feedback system of Example 11.3: 


Z 


G(z)H(z) = ————-. 
(z)H(z) &-Dk-J 


The root loci for K > 0 and K < 0 are depicted in Figure 11.16. 


11.43. 


11.44, 
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(a) Consider the root locus for K > 0. In this case, the system becomes unstable 
when one of the closed-loop poles is less than or equal to —1. Find the value 
of K for which z = — 1 is a closed-loop pole. 

(b) Consider the root locus for K « 0. In this case, the system becomes unstable 
when one of the closed-loop poles is greater than or equal to 1. Find the value 
of K for which z — 1 is a closed-loop pole. 

(c) Whatis the full range of values of K for which the closed-loop system is stable? 


Consider a discrete-time feedback system with 


1 

шш = 2971 

(a) Sketch the root locus for K > 0 and for K < 0. 

(b) If you have sketched the root locus correctly for K > 0, you will see that the 
two branches of the root locus cross and exit from the unit circle. Consequently, 
we can conclude that the closed-loop system is stable for 0 < K < Ko, where 
Ко is the value of the gain for which the two branches intersect the unit circle. 
At what points on the unit circle do the branches exit from it? What is the value 
of Ko? 

As mentioned in Section 11.4, the continuous-time Nyquist criterion can be ex- 

tended to allow for poles of G(s)H(s) on the jw-axis. In this problem, we will 

illustrate the general technique for doing this by means of several examples. Con- 
sider a continuous-time feedback system with 


G(s)H(s) = (P11.44—1) 


s(s +1) 
When G(s)H(s) has a pole at s = 0, we modify the contour of Figure 11.19 by 
avoiding the origin. To do this, we indent the contour by adding a semicircle of 
infinitesimal radius e into the right-half plane. [See Figure P11.44(a).] Thus, only 
a small part of the right-half plane is not enclosed by the modified contour, and 
its area goes to zero as we let e — 0. Consequently, as M — œ, the contour will 
enclose the entire right-half plane. As in the text, G(s)H (s) is a constant (in this case 
zero) along the circle of infinite radius. Thus, to plot G(s)H (s) along the contour, 
we need only plot it for the portion of the contour consisting of the jw-axis and the 
infinitesimal circle. 

(a) Show that 


£G(jO* )H(j0") = -7 
and 
&GG0-)HG0^) = 7. 


where s = Ј0- is the point where the infinitesimal semicircle meets the jw- 
axis just below the origin and s = j0* is the corresponding point just above 
the origin. 

(b) Use the result of part (a) together with eq. (P11.44—1) to verify that Figure 
P11.44(b) is an accurate sketch of G(s)H (5) along the portions of the contour 


886 


Signals and Systems, Second Edition 


$m 


(b) 





Figure P11.44 


Re 
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from — jæ to j0~ and j0* to jæ. In particular, check that «G(jw)H (jo) and 
|G(jw)H(jw)| behave in the manner depicted in the figure. 

(c) All that remains to be done is to determine the plot of G(s)H(s) along the 
small semicircle about s = 0. Note that as e — 0, the magnitude of G(s)H(s) 
along this contour goes to infinity. Show that as e — 0, the contribution of the 
pole at s = —1 to XG(s)H(s) along the semicircle is zero. Then show that as 
є > 0, 


XG(s)H(s) = —0, 


where 0 is as defined in Figure P11.44(a). Thus, since 0 varies from — 7/2 at 
s = jO0^ to +7/2 ats = Ј0- in the counterclockwise direction, X:G(s)H(s) 
must go from --7/2ats = j0* to —7/2ats = ЈО? inthe clockwise direction. 
The result is the complete Nyquist plot depicted in Figure P11.44(c). 





Figure P11.44 Continued 


888 


Signals and Systems, Second Edition 





(d) Using the Nyquist plot of Figure P11.44(c), find the range of values of K 


(e 


— 


(f) 


for which the closed-loop feedback system is stable. (Note: As presented in 
the text, the continuous-time Nyquist criterion states that, for closed-loop sys- 
tem stability, the net number of clockwise encirclements of the point —1/K 
must equal minus the net number of right-half plane poles of G(s)H (5). In the 
present example, note that the pole of G(s)H (5) at s = 0 is outside the modi- 
fied contour. Consequently, it is not included in counting the poles of G(s)H (5) 
in the right-half plane [i.e., only poles of G(s)H (s) strictly inside the right-half 
plane are counted in applying the Nyquist criterion]. Thus, in this case, since 
G(s)H (s) has no poles strictly inside the right-half plane, we must have no 
encirclements of the point s = —1/K for closed-loop system stability.) 
Follow the steps outlined in parts (a)-(c) to sketch the Nyquist plots for each 
of the following: 
© G()H() = WO 
(i) G(s)H(s) = i 
(iii) G(s)H(s) = E [be careful in calculating 4:G(s)H (5) along the infinites- 
imal semicircle] 
(iv) G(s)H(s) = к [be careful in calculating X:G( jo)H( jo) as о is var- 
ied; make sure to take the minus sign in the denominator into account] 
(у) G(s)H(s) = ud [same remark as for (iii)] 
In each case, use the Nyquist criterion to determine the range of values of K 
(if any such range exists) for which the closed-loop system is stable. Also, use 
another method (root locus or direct calculation of the closed-loop poles as a 
function of K) to provide a partial check of the correctness of your Nyquist 
plot. [Note: In sketching the Nyquist plots, you may find it useful to sketch the 
Bode plots of G(s)H (s) first. It may also be helpful to determine the values of 
w for which G( jo )H( jo) is real.] 
Repeat part (e) for: 
(i) G(s)H(s) = sy 
(ii) G(s)H(s) = X 
Note: In these cases there are two poles on the imaginary axis; accordingly, 
you will need to modify the contour of Figure 11.19 to avoid each of them. 
Use infinitesimal semicircles, as in Figure P11.44(a). 








11.45. Consider a system with system function 


1 


MG) = r2 


(P11.45-1) 


Because this system is unstable, we would like to devise some method for its sta- 
bilization. 


(a) Consider first a series compensation scheme as illustrated in Figure P11.45(a). 


Show that the overall system of this figure is stable if the system function 
$—2 

5-3 

In practice, this is not considered to be a particularly useful way to attempt to 
stabilize a system. Explain why. 


C(s) = 


(b) 


(d 


— 


(e) 
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(a) 


y(t) 





(b) 


Figure P11.45 


Suppose that instead we use a feedback system, as depicted in Figure P11.45(b). 
Is it possible to stabilize this system using a constant gain, that is, 


C(s) = К, 


for the stabilizing element? Justify your answer using Nyquist techniques. 
Show that the system of Figure P11.45(b) can be stabilized if C(s) is a propor- 
tional plus derivative system—that is, if 


C(s) = K(s + а). 


Consider both the case 0 < a < 2 and the case a > 2. 
Suppose that 


C(s) = K(s + 2). 


Choose the value of K such that the closed-loop system has a pair of complex 
poles with a damping ratio ¢ = 1/2. (Hint: In this case, the denominator of the 
closed-loop system must have the form 


2 2 
S + 0,5 +O), 


for some value of w, > 0.) 

Pure derivative compensation is both impossible to obtain and undesirable in 
practice. This is because the required amplification of arbitrarily high frequen- 
cies neither can be obtained nor is advisable, as all real systems are subject to 
some level of high-frequency disturbances. Thus, suppose that we consider a 
compensator of the form 


sta 


C(s) = x (Fl a,b>0. (P11.45-2) 


890 


Signals and Systems, Second Edition 





If b < a, this is a lag network: £C(jw) < 0 for all о > 0, so that the phase 
of the output of the system lags the phase of the input. If b > a, XC(jw) > 0 
for all w > 0, and the system is then called a lead network. 

(i) Show that it is possible to stabilize the system with the lead compensator 


1 


C(s) = КЎ 2 P1145-3 
(s) — 212 (P11.45—3) 





if K is chosen large enough. 
(ii) Show that it is not possible to stabilize the feedback system of Figure 
P11.45(b) using the lag network 


&-F3 


Hint: Use the results of Problem 11.34 in sketching the root locus. Then 
determine the points on the jw-axis that are on the root locus and the 
values of K for which each of these points is a closed-loop pole. Use this 
information to prove that for no value of K are all of the closed-loop poles 
in the left-half plane. 


11.46. Consider the continuous-time feedback system depicted in Figure P11.46(a). 


S--10 
(s--1?? 
10 
(s/100+1)2 


(a) 





y(t) 













(s+10)e-s* 
(s+1)2 


10 
(s/100+1)2 


(b) Figure P11.46 





y(t) 


+ 
x(t) — 0O 
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(a) Use the straight-line approximations to Bode plots developed in Chapter 6 to 
obtain a sketch of the log magnitude-phase plot of this system. Estimate the 
phase and gain margins from your plot. 

(b) Suppose that there is an unknown delay within the feedback system, so that 
the actual feedback system is as shown in Figure P11.46(b). Approximately 
what is the largest delay 7 that can be tolerated before the feedback system 
becomes unstable? Use your results from part (a) for this calculation. 

(c) Calculate more precise values of the phase and gain margins, and compare 
these to your results in part (a). This should give you some idea of the size of 
the errors that are incurred in using the approximate Bode plots. 


As mentioned at the end of Section 11.5, the phase and gain margins may provide 
sufficient conditions to ensure that a stable feedback system remains stable. For 
example, we showed that a stable feedback system will remain stable as the gain 
is increased, until we reach a limit specified by the gain margin. This does not 
imply (a) that the feedback system cannot be made unstable by decreasing the 
gain or (b) that the system will be unstable for all values of gain greater than the 
gain margin limit. In this problem, we illustrate these two points. 

(a) Consider a continuous-time feedback system with 


1 


СНО) = туе + DEF 3) 





Sketch the root locus for this system for K > 0. Use the properties of the root 
locus described in the text and in Problem 11.34 to help you draw the locus 
accurately. Once you do so, you should see that for small values of the gain 
K the system is unstable, for larger values of K the system is stable, while 
for still larger values of K the system again becomes unstable. Find the range 
of values of K for which the system is stable. Hint: Use the same method as 
is employed in Example 11.2 and Problem 11.35 to determine the values of 
K at which branches of the root locus pass through the origin and cross the 
jo-axis. 

If we set our gain somewhere within the stable range that you have just 
found, we can increase the gain somewhat and maintain stability, but a large 
enough increase in gain causes the system to become unstable. This maximum 
amount of increase in gain at which the closed-loop system just becomes un- 
stable is the gain margin. Note that if we decrease the gain too much, we can 
also cause instability. 

(b) Consider the feedback system of part (a) with the gain K set at a value of 7. 
Show that the closed-loop system is stable. Sketch the log magnitude-phase 
plot of this system, and show that there are two nonnegative values of w 
for which XG (jw)H(jw) = — т. Further, show that, for one of these values 
7|G(jw)H(jw)| < 1, and for the other 7|G(jw)H(jw)| > 1. The first value 
provides us with the usual gain margin—that is, the factor 1/|7G(jw)H(jw)| 
by which we can increase the gain and cause instability. The second provides 
us with the factor 1/|7G(jw)H(jw)| by which we can decrease the gain and 
just cause instability. 
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(c) Consider a feedback system with 
(s/100 + 1)? 
(s + 1)3 


Sketch the root locus for K > 0. Show that two branches of the root locus begin 
in the left-half plane and, as K is increased, move into the right-half plane and 
then back into the left-half plane. Do this by examining the equation 


G(s)H(s) = 


Gljo)H jw) = -5 


Specifically, by equating the real and imaginary parts of this equation, show 
that there are two values of K = 0 for which the closed-loop poles lie on the 
jw-axis. 

Thus, if we set the gain at a small enough value so that the system is sta- 
ble, then we can increase the gain up until the point at which the two branches 
of the root locus intersect the jw-axis. For a range of values of gain beyond this 
point, the closed-loop system is unstable. However, if we continue to increase 
the gain, the system will again become stable for K large enough. 

Sketch the Nyquist plot for the system of part (c), and confirm the conclusions 
reached in part (c) by applying the Nyquist criterion. (Make sure to count the 
net number of encirclements of —1/K.) 

Systems such as that considered in parts (c) and (d) of this problem are 
often referred to as being conditionally stable systems, because their stability 
properties may change several times as the gain is varied. 


In this problem, we illustrate the discrete-time counterpart of the technique de- 
scribed in Problem 11.44. Specifically, the discrete-time Nyquist criterion can be 
extended to allow for poles of G(z)H(z) on the unit circle. 

Consider a discrete-time feedback system with 


g7 1 
СВО = ттт = ат 


In this case, we modify the contour on which we evaluate С(2)Н (2), as illustrated 
in Figure P11.48(a). 
(a) Show that 


(d 


— 





(P11.48-1) 


xG(e? )H(e9 ) = -3 
and 
«С(е??” )H(e/?7 у = 5, 


where z = e/?" is the point below the real axis at which the small semicircle 
intersects the unit circle and z = e?" is the corresponding point above the real 
axis. 

Use the results of part (a) together with eq. (P11.48-1) to verify that Fig- 
ure P11.48(b) is an accurate sketch of G(z)H(z) along the portion of the 


(b 


м 
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Figure P11.48 
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contour z = e/” as w varies from 0* to 27 in a counterclockwise direc- 
tion. In particular, verify that the angular variation of G(e/?)H(e/^) is as 
indicated. 

Find the value of w for which £G(e/”)H(e/”) = —т, and verify that 


|G(e)H(e/*)| = 1 


at this point. [Hint: Use the geometrical method for evaluating &С(е/°)Н (e/") 
together with some elementary geometry to determine the value of w.] 
Consider next the plot of G(z)H(z) along the small semicircle about z = 1. 
Note that as є — 0, the magnitude of G(z)H(z) along this contour goes to in- 
finity. Show that as є — 0, the contribution of the pole atz = 0 to X:G(z)H(z) 
along the semicircle is zero. Then show that as є — 0, 


XG(z)H(z) = —0, 


where @ is as defined in Figure P11.48(a). 

Thus, since 0 varies from — 7/2 to + 7/2 in the counterclockwise direc- 
tion, X:G(z)H(z) varies from +7r/2 to — 7/2 in the clockwise direction. The 
result is the complete Nyquist plot of Figure P11.48(c). 

Using the Nyquist plot, find the range of values of K for which the closed- 
loop feedback system is stable. [Note: Since the pole of G(z)H(z) at z = 1 is 


Figure P11.48 Continued 
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inside the modified contour, it is not included in counting the poles of G(z)H(z) 
outside the unit circle. That is, only poles strictly outside the unit circle are 
counted in applying the Nyquist criterion. Thus, in this case, since G(z)H(z) 
has no poles strictly outside the unit circle, we must have no encirclements of 
the point z = —1/K for closed-loop stability.] 

(f) Follow the steps outlined in parts (a), (b), and (d) to sketch the Nyquist plots 
for each of the following: 





n AERC 
oe 
ш (@@—1)(:+ 1 +V3) 
TE z+ 1 
(iii) z(z-1) 
(iv) cu [be careful in calculating 3:G(z)H (z) along the infinitesimal semi- 
circle] 


For each of the preceding, use the Nyquist criterion to determine the range 
of values of K (if any such range exists) for which the closed-loop system is 
stable. Also, use another method (root locus or direct calculation of the closed- 
loop poles as a function of K) to provide a partial check of the correctness of 
your Nyquist plot. Note: In sketching the Nyquist plots, you may find it useful 
to first sketch the magnitude and phase plots as a function of frequency or at 
least calculate |С(е/°)Н (e/?)| and <G(e/”)H(e/”) at several points. Also, it 
is helpful to determine the values of w for which G(e/”)H(e/”) is real. 
Repeat part (f) for 


— 


(g 


1 
G(z)H(z) = 2-1 


In this case there are two poles on the unit circle, and thus, you must modify 
the contour around each of these by including an infinitesimal semicircle that 
extends outside the unit circle, thereby placing the pole inside the contour. 


EXTENSION PROBLEMS 


11.49. In this problem, we provide an illustration of how feedback can be used to increase 
the bandwidth of an amplifier. Consider an amplifier whose gain falls off at high 
frequencies. That is, suppose the system function of this amplifier is 


Ga 
sta 





Н(5) = 


(a) What is the dc gain of the amplifier (i.e., the magnitude of its frequency re- 
sponse at 0 frequency)? 

(b) What is the system time constant? 

(c) Suppose we define the bandwidth of the system as the frequency at which the 
magnitude of the amplifier frequency response is 1/./ 2 times its magnitude at 
dc. What is the bandwidth of the amplifier? 
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(d) Suppose we place the amplifier in a feedback loop as depicted in Figure 
P11.49. What is the de gain of the closed-loop system? What are the time 
constant and the bandwidth of the closed-loop system? 

(e) Find the value of K that leads to a closed-loop bandwidth that is exactly double 
the bandwidth of the open-loop amplifier. What are the corresponding closed- 
loop system time constant and de gain? 


y(t) 


Figure P11.49 


11.50. As mentioned in the text, an important class of devices used in the implementation 


of feedback systems is the class of operational amplifiers. A model for such an 
amplifier is depicted in Figure P11.50(a). The amplifier’s input is the difference 





Figure P11.50a 


between two voltages у›(г) and v;(t), and the output voltage is an amplified version 
of the input; that is, 


Volt) = K[v2(t) — vi(t)]. (P11.50-1) 


Consider an operational amplifier connection shown in Figure P11.50(b). In 
this figure, Z; (s) and 22(5) are impedances. (That is, each is the system function of 
an LTI system whose input is the current flowing through the impedance element 
and whose output is the voltage across the element.) Making the approximation 
that the input impedance of the operational amplifier is infinite and that its output 
impedance is zero, we obtain the following relationship between У (5), Vi(s), and 
V,(s), the Laplace transforms of v; (7), v;(t), and v,(t), respectively: 


- 22(5) | 7\(5) 
“= Iz Es] у) + PA V.(s). (P11.50-2) 
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Z»(s) 





Figure P11.50b 


Also, from eq. (P11.50—1) and Figure P11.50(b), we see that 





Vo(s) = —KV4|(s). (P11.50-3) 
(a) Show that the system function 
Vos) 
А 


for the interconnection of Figure P11.50(b) is identical to the overall closed- 
loop system function for the system of Figure P11.50(c). 






2›(5) 


—À 15е РЕ Volt) 
21(5) + 2(5) 


м0) —É- 





Z,(s) 
Z,(s) + Z2(s) 


Figure P11.50c 


(b) Show that if K >> 1, then 


_22(5) 
Zi(s) 





H(s) = 


11.51. (a) Suppose that in Figure P11.50(b) Zi (s) and Z2(s) are both pure resistances, 
say, Кү and Rp, respectively. A typical value for R/R; is in the range 1 to 
10, while a typical value for К is 10°. Using the results of Problem 11.50(a), 
calculate the actual system function for this value of К and for А/К equal to 
1 and then to 10?, and compare each resulting value to — R?/R;. This should 
give you some idea of how good the approximation of Problem 11.50(b) 
typically is. 
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(b) One of the important uses of feedback is in the reduction of system sensitivity 
to variations in parameters. This is particularly important for circuits involv- 
ing operational amplifiers, which have high gains that may be known only 
approximately. 

(i) Consider the circuit discussed in part (a), with R;/R; = 102. What is 
the percentage change in the closed-loop gain of the system if K changes 
from 10° to 5 x 10°? 

(ii) How large must К be so that a 5046 reduction in its value results in only 
a 1% reduction in the closed-loop gain? Again, take R/R; = 102. 


11.52. Consider the circuit of Figure P11.52. This circuit is obtained by using 


1 
Z()-R ZS) = Gg 


in Figure P11.50(b). Using the results from Problem 11.50, show that the system 
behaves approximately like an integrator. In what frequency range (expressed in 
terms of K, R, and C) does this approximation break down? 


С 


Figure Р11.52 


11.53. Consider the circuit depicted in Figure P11.53(a), which is obtained from the circuit 


of Figure P11.50(b) by using Z)(s) = R and by replacing Z>(s) with a diode that 
has an exponential current-voltage relationship. Assume that this relationship is of 
the form 


ig(t) = Me™ OT, (P11.53-1) 


where M is a constant that depends upon the construction of the diode, q is the 

charge of an electron, k is Boltzmann's constant, and T is absolute temperature. 

Note that the idealized relationship of eq. (P11.53—1) assumes that there is no pos- 

sibility of a negative diode current. Usually, there is some small maximum negative 

value of diode current, but we will neglect this possibility in our analysis. 

(a) Assuming that the input impedance of the operational amplifier is infinite and 
that its output impedance is zero, show that the following relations hold: 


Vo(t) = vga(t) + Rig(t) + v;(t), (P11.53-2) 


vo(t) = —K[vo(t) — va(t)]. (P11.53-3) 
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valt) 





Figure P11.53a 


(b) Show that for K large, the relationship between v,(t) and v;(t) is essentially 
the same as in the feedback system of Figure P11.53(b), in which the system 
in the feedback path is a nonlinear memoryless system with input v,(t) and 
output 

w(t) = RM eT. 

(c) Show that for K large, 


а (90 ч 
Volt) = Zaf x) (P11.53-4) 


v(t) ——- volt) 









w(t) =RMeWolt)/kT 
Figure P11.53b 


Note that eq. (P11.53—4) makes sense only for a negative v;(t), which is con- 
sistent with the requirement that the diode current cannot be negative. If a 
positive v;(t) is applied, the current ig(t) cannot balance the current through 
the resistor. Thus, a nonnegligible current is fed into the amplifier, causing it 
to saturate. 
11.54. In this problem, we explore the use of positive feedback for generating oscillating 
signals. 
(a) Consider the system illustrated in Figure P11.54(a). Show that х (7) = x;(t) if 


G(s)H(s) = —1. (P11.54-1) 


Suppose that we connect terminals 1 and 2 in Figure P11.54(a) and make 
x;(t) = 0. Then the output of the system should remain unchanged if we 
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y(t) 





y(t) 





(b) Figure P11.54 


satisfy eq. (P11.54—1). The system now produces an output without any input. 
Therefore, the system shown in Figure P11.54(b) is an oscillator, provided that 
eq. (P11.54—1) is satisfied. 

(b) A commonly used oscillator in practice is the sinusoidal oscillator. For such an 
oscillator, we may rewrite the condition of eq. (P11.54—1) as 


G(jwo)H(jwo) = —1. (P11.54-2) 


What is the value of the closed-loop gain for the system shown in Figure 
P11.54(b) at оо when eq. (P11.54—2) is satisfied? 

(c) A sinusoidal oscillator may be constructed on the basis of the principle out- 
lined above by using the circuit shown in Figure P11.54(c). The input to the 


vo(t) 





Z»(s) 


= Figure P11.54c 


11.55. (а) 
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amplifier is the difference between the voltages v; (t) and vo(t). In this circuit, 
the amplifier has a gain of A and an output resistance of Ro. Zi (s), Z2(s), and 
Z3(s) are impedances. (That is, each is the system function of an LTI system 
whose input is the current flowing through the impedance element and whose 
output is the voltage across the element.) It can be shown that, for this circuit, 


-А21(5) 


Н 7 Zits) + Ry 


where 


_ _25(5)(7\(5) + Z3(s)) 
LU 7105) + Zs) + 23(8)' 
Also, we can show that 


-21(5) 


70 Zo *zo 


(i) Show that 


А21(5)22(5) 
Ко(21(5) + Zo(s) + Za(s)) + 22(5)(21(5) + Za(s)) 


(ii) If Zi(s), 22(5), апа Z3(s) are риге reactances (i.e., inductances or ca- 
pacitances), we can write Z;(jw) = ЈХ (јо), 22(јо) = jX2(jw), and 
Z3(jw) = jX3(jw), where X;(jw), i = 1, 2, 3, are all real. Using the re- 
sults of parts (b) and (i), show that a necessary condition for the circuit to 
produce oscillations is 


Xi(jo) + X2(jw) + X3(jw) = 0. 


(iii) Show also that, in addition to the constraint of part (ii), the constraint 
AX;(jo) = X2(jw) has to be satisfied for the circuit to produce os- 
cillations. [Since X;(jw) is positive for inductances and negative for 
capacitances, the latter constraint requires that Z; (s) and Z2(s) be reac- 
tances of the same type (i.e., both should be inductances or both should 
be capacitances).] 

(iv) Let us assume that Z;(s) and Z2(s) are both inductances such that 


Xi(o) = Х(јо) = wL. 


Let us also assume that 


G(s)H(s) — 


Хз(јо) = —1/(@C) 


is a capacitance. Use the condition derived in (ii) to determine the fre- 
quency (in terms of L and C) at which the circuit oscillates. 


Consider the nonrecursive discrete-time LTI filter depicted in Figure P11.55(a). 
Through the use of feedback around this nonrecursive system, a recursive 
filter can be implemented. To do so, consider the configuration shown in 
Figure P11.55(b), in which H(z) is the system function of the nonrecursive 
LTI system of Figure P11.55(a). Determine the overall system function of this feedback 
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system, and find the difference equation relating the input to the output of the 
overall system. 


x[n] 





x[n] yín] 





(b) 


Figure P11.55 


(b) Now suppose that H(z) in Figure P11.55(b) is the system function of a recur- 
sive LTI system. Specifically, suppose that 


N 
Dax 





H(z) = u 1 
S dz 
i=l 
Show how one can find values of the coefficients К, c1, ..., cy, and do, ..., dN, 


such that the closed-loop system function is 


N . 
Dbi 
Q(z) = = 


Sazi 
i=0 


where the a; and b; are specified coefficients. 





11.56. 
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In this problem, we have seen that the use of feedback provides us with alterna- 
tive implementations of LTI systems specified by linear constant-coefficient dif- 
ference equations. The implementation in part (a), consisting of feedback around 
a nonrecursive system, is particularly interesting, as some technologies are ide- 
ally suited to implementing tapped delay-line structures (i.e., systems consisting 
of chains of delays with taps at each delay whose outputs are weighted and then 
summed). 


Consider an inverted pendulum mounted on a movable cart, as depicted in Figure 
P11.56. Here, we have modeled the pendulum as consisting of a massless rod of 
length L with a mass т attached at the end. The variable 0(f) denotes the pendu- 
lum’s angular deflection from the vertical, g is gravitational acceleration, s(t) is 
the position of the cart with respect to some reference point, a(t) is the acceler- 
ation of the cart, and x(t) represents the angular acceleration resulting from any 
disturbances, such as gusts of wind. 


M 
` 


n 





s(t) 


Figure P11.56 


Our goal in this problem is to analyze the dynamics of the inverted pendulum 
and, more specifically, to investigate the problem of balancing the pendulum by 
a judicious choice of the acceleration a(t) of the cart. The differential equation 
relating 0(t), a(t), and x(t) is 


d?0(t) 
а? 





L = gsin[0(r)] — a(t) соѕ[0(0)] + Lx(t). (P11.56-1) 


This relation merely equates the actual acceleration of the mass along a direction 
perpendicular to the rod to the applied accelerations [gravity, the disturbance ac- 
celeration due to x(t), and the cart's acceleration] along this direction. 

Note that eq. (P11.56-1) is a nonlinear differential equation. The detailed, 
exact analysis of the behavior of the pendulum requires that we examine this equa- 
tion; however, we can obtain a great deal of insight into the dynamics of the pendu- 
lum by performing a linearized analysis. Specifically, let us examine the dynamics 
of the pendulum when it is nearly vertical [i.e., when 6(f) is small]. In this case, we 
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can make the approximations 
sin[@(t)] = Ө(ї), со5[Ө(ї)] ^ 1. (P11.56—2) 


(a) Suppose that the cart is stationary [i.e., a(t) = 0], and consider the causal LTI 
system with input x(t) and output 0(7) described by eq. (P11.56-1), together 
with the approximations given in eq. (P11.56—2). Find the system function for 
this system, and show that it has a pole in the right-half of the plane, implying 
that the system is unstable. 

(b) The result of part (a) indicates that if the cart is stationary, any minor angular 
disturbance caused by x(f) will lead to growing angular deviations from the 
vertical. Clearly, at some point, these deviations will become sufficiently large 
so that the approximations of eq. (P11.56—2) will no longer be valid. At this 
point the linearized analysis is no longer accurate, but the fact that it is ac- 
curate for small angular displacements allows us to conclude that the vertical 
equilibrium position is unstable, since small angular displacements will grow 
rather than diminish. 

We now wish to consider the problem of stabilizing the vertical position 
of the pendulum by moving the cart in an appropriate fashion. Suppose we try 
proportional feedback— that is, 


a(t) = K0(t). 


Assume that @(t) is small, so that the approximations in eq. (P11.56—2) are 
valid. Draw a block diagram of the linearized system with 0(r) as the output, 
x(t) as the external input, and a(t) as the signal that is fed back. Show that 
the resulting closed-loop system is unstable. Find a value of K such that if 
x(t) = ô(t), the pendulum will sway back and forth іп an undamped oscillatory 
fashion. 
(c) Consider using the proportional-plus-derivative (PD) feedback, 
a(t) = K40(t) + ge 
dt 

Show that one can find values of К] and K3 that stabilize the pendulum. In 
fact, using 


g = 9.8 m/sec” 


and (P11.56-3) 
L=05m, 


choose values of K, and К» so that the damping ratio of the closed loop system 
is 1 and the natural frequency is 3 rad/sec. 


11.57. In this problem, we consider several examples of the design of tracking systems. 
Consider the system depicted in Figure P11.57. Here, H,(s) is the system whose 
output is to be controlled, and H,(s) is the compensator to be designed. Our objec- 
tive in choosing H,(s) is that we would like the output y(t) to follow the input x(t). 
In particular, in addition to stabilizing the system, we would also like to design the 
system so that the error e(t) decays to zero for certain specified inputs. 
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x(t) y(t) 





Figure P11.57 


(a) Suppose that 


a 
sta’ 





H,(s) = a % 0. (Р11.57—1) 
Show that if H.(s) = К (which is known as proportional or P control), we 
can choose K so as to stabilize the system and so that e(t) — O if x(t) = ô(t). 
Show that we cannot get e(t) — O if x(t) = u(t). 

(b) Again let H,(s) be as in eq. (P11.57—1), and suppose that we use proportional- 
plus-integral (РЇ) control— that is, 


H.(s) = Ki + a, 


Show that we can choose K; and К> so as to stabilize the system, and we сап 
also get e(t) — Oif x(t) = u(t). Thus, the system can track a step. In fact, this 
illustrates a basic and important principle in feedback system design: To track 
a step [X(s) = 1/s], we need an integrator (1/s) in the feedback system. An 
extension of this principle is considered in the next problem. 

(c) Suppose that 


1 
Н (5) = ——j. 
p(s) 19 
Show that we cannot stabilize this system with a PI controller, but that we сап 


stabilize it and have it track a step if we use proportional-plus-integral-plus- 
differential (PID) control, i.e., 


A.(s) = Ki + 5 + Кэз. 


11.58. In Problem 11.57, we discussed how the presence of an integrator in a feedback 
system can make it possible for the system to track a step input with zero error 
in the steady state. In this problem, we extend the idea. Consider the feedback 
system depicted in Figure P11.58, and suppose that the overall closed-loop system 
is stable. Suppose also that 


K] | - 80 
H(s) = = — , 


n-i 


si| [G- a) 
k=1 
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x(t) =O} нә] yt 


Figure P11.58 


where the a, and B, are given nonzero numbers and / is a positive integer. The 

feedback system of Figure P11.58 is often referred to as a Type 1 feedback system. 

(a) Use the final-value theorem (Section 9.5.10) to show that a Type 1 feedback 
system can track a step— that is, that 


e(t) > 0 if x(t) = u(t). 
(b) Similarly, show that a Type 1 system cannot track a ramp, but rather, that 
e(t) — a finite constant if x(t) = u_2(t). 
(c) Show that, for a Type 1 system, unbounded results ensue if 
x(t) = u-4(t) 


with k > 2. 

(d) More generally, show that, for a Type / system: 
(0 e(t) — Oif x(t) = u_,(t) with k = 1 
Gi) e(t) — a finite constant if x(t) = щг—1+1)(1) 
(iii) e(t) — oif x(t) = u_,(t) withk > 1+ 1 


11.59. (a) Consider the discrete-time feedback system of Figure P11.59. Suppose that 


1 


Н = —____. 
„ТҮЗ 


xin] Oe не | yin] 


Figure P11.59 


Show that this system can track a unit step in the sense that if x[n] = u[n], 
then 
lim e[n] = 0. (P11.59-1) 


(b) More generally, consider the feedback system of Figure P11.59, and assume 
that the closed-loop system is stable. Suppose that /7(z) has a pole at z — 1. 


11.60. 
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Show that the system can track a unit step. [Hint: Express the transform E(z) 
of e[n] in terms of H(z) and the transform of u[n]; explain why all the poles 
of E(z) are inside the unit circle.] 

(c) The results of parts (a) and (b) are discrete-time counterparts of the results for 
continuous-time systems discussed in Problems 11.57 and 11.58. In discrete 
time, we can also consider the design of the systems that track specified inputs 
perfectly after a finite number of steps. Such systems are known as deadbeat 
feedback systems. 

Consider the discrete-time system of Figure P11.59 with 


= 





H(z) = ТЕЁ 
Show that the overall closed-loop system is a deadbeat feedback system with 
the property that it tracks a step input exactly after one step: that is, if x[n] = 
u[n], then e[n] = 0, n > 1. 

(d) Show that the feedback system of Figure P11.59 with 


3-1 1—2 
Bü. te _ 
(0-22 00 -—<¢4) 
is a deadbeat system with the property that the output tracks a unit step per- 
fectly after a finite number of steps. At what time step does the error e[n] first 
settle to zero? 
(e) More generally, for the feedback system of Figure P11.59, find H(z) so that 
y[n] perfectly tracks a unit step for n > М and, in fact, so that 


N-1 
e[n] = У aj[n — k], (P11.59-2) 
k=0 


where the a; are specified constants. Hint: Use the relationship between H(z) 
and E(z) when the input is a unit step and e[n] is given by eq. (P11.59-2). 
(f) Consider the system of Figure P11.59 with 


-1 45-2 _ „-3 
Bo a 9 
а= (1+ z711 – z7!) 
Show that this system tracks a ramp x[n] = (п + 1)u[n] exactly after two time 
steps. 


In this problem, we investigate some of the properties of sampled-data feedback 
systems and illustrate the use of such systems. Recall from Section 11.2.4 that 
in a sampled-data feedback system the output of a continuous-time system is sam- 
pled. The resulting sequence of samples is processed by a discrete-time system, the 
output of which is converted to a continuous-time signal that in turn is fed back and 
subtracted from the external input to produce the actual input to the continuous- 
time system. 
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(a) 


(b) 


(c) 


(4) 
(е) 


Consider the system within dashed lines in Figure 11.6(b). This is a discrete- 
time system with input e[n] and output p[n]. Show that it is an LTI system. As 
we have indicated in the figure, we will let F(z) denote the system function of 
this system. 

Show that in Figure 11.6(b) the discrete-time system with system function 
F(z) is related to the continuous-time system with system function H(s) by 
means of a step-invariant transformation. That is, if s(t) is the step response of 
the continuous-time system and q[n] is the step response of the discrete-time 
system, then 


q{n] = s(nT) for all n. 


Suppose that 
1 
= —— > A 
H(s) == j Kets} 1 
Show that 
_ (e^ — Lz"! T 
Ade eee. 
Suppose that H (s) is as in part (c) and that G(z) — K. Find the range of values 


of K for which the closed-loop discrete-time system of Figure 11.6(b) is stable. 
Suppose that 


60 = ——. 
ЯР 22 
Under what conditions оп Т can we find a value of К that stabilizes the overall 
system? Find a particular pair of values for K and T that yield a stable closed- 
loop system. Hint: Examine the root locus, and find the values for which the 
poles enter or leave the unit circle. 


APPENDIX 
PARTIAL-FRACTION EXPANSION 


A.1 INTRODUCTION 


The purpose of this appendix is to describe the technique of partial-fraction expansion. 
This tool is of great value in the study of signals and systems; in particular, it is very 
useful in inverting Fourier, Laplace, or z-transforms and in analyzing LTI systems de- 
scribed by linear constant-coefficient differential or difference equations. The method of 
partial-fraction expansion consists of taking a function that is the ratio of polynomials and 
expanding it as a linear combination of simpler terms of the same type. The determination 
of the coefficients in the linear combination is the basic problem to be solved in obtaining 
the expansion. As we will see, this is a relatively straightforward problem in algebra that 
can be solved very efficiently with a bit of “bookkeeping.” 

To illustrate the basic idea behind and role of partial-fraction expansion, consider 
the analysis developed in Section 6.5.2 for a second-order continuous-time LTI system 
specified by the differential equation 


2 
20 + + 20 „хо + wr y(t) = wy x(t). (A.1) 





The frequency response of this system is 


2 


— w; 
H(jo) Uor > За (ауан + оја) +? (А.2) 
or, if we factor the denominator, 


в? 


H(jo) = Us enw Ca (A.3) 
where 
cy = —éon + onl? ae 1, 


c) = wn — es – 1. inns 


Having H(jw), we are in a position to answer a variety of questions related to the 
system. For example, to determine the impulse response of the system, recall that for any 
number а with Re{s} < 0, the Fourier transform of 


x(t) = e“u(t) (A.5) 


XM 
Xi(jo) = doa (A.6) 
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while if 
x(t) = te“u(t), (A.7) 
P д 344 t X^ 3 
* then 
Е 1 


Therefore, if we can expand Н (јо) as a sum of terms of the form of eq. (А.б) ог 
(A.8), we can determine the inverse transform of H( jw) by inspection. For example, in 
Section 6.5.2 we noted that when c, # c», H(jw) in eq. (A.3) could be rewritten in the 


form 
2 2 
H(jo) = | On | - +( On he (A.9) 
€; — C2 J J@— С Сә — Ci JO — Сә 


н In this case, the Fourier transform pair of eqs. (A.5) апа (А.б) allows us to write down 
immediately the inverse transform of H( jw) as 











2 2 
h(t) = E eft + PR e| u(t). (А.10) 
С] — €2 Q5 — € 

While we have phrased the preceding discussion in terms of continuous-time Fourier 
transforms, similar concepts also arise in discrete-time Fourier analysis and in the use of 
Laplace and z-transforms. In all of these cases, we encounter the important class of rational 
transforms—that is, transforms that are ratios of polynomials in some variable. Also, in 
each of these contexts, we find reasons for expanding these transforms as sums of simpler 
terms such as in eq. (A.9). In this section, in order to develop a general procedure for 
calculating the expansions, we consider rational functions of a general variable v; that is, 
we examine functions of the form 


Bmt” + Bm-10™! +... + Biv + Bo 
ау" + ap-u"! +... + ауу + ao 





H(v) = (A.11) 
For continuous-time Fourier analysis (jw) plays the role of v, while for Laplace 
transforms that role is played by the complex variable s. In discrete-time Fourier analysis, 
v is usually taken to be е /^, while for z-transforms, we can use either z~! or z. After we 
have developed the basic techniques of partial-fraction expansion, we will illustrate their 
application to the analysis of both continuous-time and discrete-time LTI systems. 


A.2 PARTIAL-FRACTION EXPANSION AND CONTINOUS-TIME SIGNALS 
AND SYSTEMS 


For our purposes, it is convenient to consider rational functions in one of two standard 
forms. The second of these, which is often useful in the analysis of discrete-time signals 
and systems, will be discussed shortly. The first of the standard forms is 


b, 1v! b, 27"? +... + biv + bg 


G(v) = 
m v" + a, 1v! +... + аро + ag 


(A.12) 
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In this form the coefficient of the highest order term in the denominator is 1, and the order 
of the numerator is at least one less than the order of the denominator. (The order of the 
numerator will be less than n — 1 if b -ı = 0.) 

If we are given H(v) in the form of eq. (A.11), we can obtain a rational function of 
the form of eq. (A.12) by performing two straightforward calculations. First, we divide 
both the numerator and the denominator of Н (v) by a,. This yields 


Уту" + ys- 1v"! +... + уо + yo 





H(v) = a (A.13) 
: v" -Fa,-;U" * 4... Рай + dg 
where 
y Неа Br y zi Baa 
= « -| Е, , 
T Qn - Qn 
_ Qn- _ Qn-2 
an-| = —— an-2 = — 
аһ an 


If m < n, H(v) is called a strictly proper rational function, and in this case, letting 
bo = yo bi = yy... b, = Ym, and setting any remaining b’s equal to zero, we see that 
H (v) in eq. (A.13) is already of the form of eq. (A.12). In most of the discussions in this 
book in which rational functions are considered, we are concerned primarily with strictly 
proper rational functions. However, if H(v) is not proper (i.e., if m = n), we can perform 
a preliminary calculation that allows us to write H (v) as the sum of a polynomial in v and 
a strictly proper rational function. That is, 


HW) = e,-4' "esu са 05 


6,0"! + b, 2v? +... + bi + bo (А.14) 


ES 
v" t aq, (1vU?7! +...+ aqv + ag 





The coefficients co, с, ..., Съ-п and bo, bi, ..., Р, can be obtained by equating eqs. 


(A.13) and (A.14) and then multiplying through by the denominator. This yields 
YmU” +... + уу + yo = bru"! +... + biv + bo (A.15) 
t (Cm 57" " +... + co)(v" + a, v"! +... + ag). 


By equating the coefficients of equal powers of v on both sides of eq. (A.15), we can 
determine the c's and b’s in terms of the a's and y’s. For example, if т = 2 and n = 1, 
so that | 

yov? + уу + yo 


H(v) = ^ vta — ni dii hog 





(A.16) 


then eq. (A.15) becomes 
уи? + yiv + уо = bo + (civ + cov + ai) 
= bo + civ? + (со + аусу)о + aico. 


Equating the coefficients of equal powers of v, we obtain the equations 


Үз = €i 
Yi = С + йд, 
yo = bo + aico. 
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The first equation yields the value of c;, which can then be used in the second to solve for 
Co, Which in turn can be used in the third to solve for bo. The result is 


Cy = уз 
co = Yı — агу», 
bo = yo — ai(y1 — аууз). 
The general case of eq. (A.15) can be solved in an analogous fashion. 
Our goal now is to focus on the proper rational function G(v) in eq. (A.12) and to 


expand it into a sum of simpler proper rational functions. To see how this ean be done, 
consider the case of n — 3, so that eq. (A.12) reduces to 


bv? + biv + bg 


As a first step, we factor the denominator of G(v) in order to write it in the form 
2+ 
Gw) = bw biv + bo (A.18) 


(v — pi)(v — p2)(v — p3) 


Assuming for the moment that the roots рі, p2, and рз of the denominator are all distinct, 
we would like to expand G(v) into a sum of the form 


бй =. ь ou А... 
v-p v-p v-ps 
The problem, then, is to determine the constants А, Аз, and Аз. One approach is to equate 


eqs. (A.18) and (A.19) and to multiply through the denominator. In this case, we obtain 
the equation 








(A.19) 


Ьу? + biv + Бу = Ai(v — po)(v — рз) 
+ Ax(v — р)(® — рз) (А.20) 
+ As(v — piX(v — p2). 
By expanding the right-hand side of eq. (A.20) and then equating coefficients of equal 
powers of v, we obtain a set of linear equations that can be solved for Aj, A», and Аз. 
Although this: approach always works, there is a much easier method. Consider 


eq. (A.19), and suppose that we would like to calculate A;. Then, multiplying through 
by v — pı, we obtain 


A»(v — A3(u — 
(v — p\)G(v) = A; + Av — pi) 4 As(v — р). (А21) 
U— p2 U— рз 
Since pı, p2, and рз are distinct, the last two terms on the right-hand side of eq. (A.21) 
are zero for v = pı. Thereforc, 


A; = [tv — р1)С(0)]- о, (A.22) 
or, using eq. (A.18), 


bap} + Буру + bo 


Ay = 
' (рү — рори — рз) 


(A.23) 
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Similarly, 


bap} + Буро + bo 
(p2 — pi)(p2 — pa) 
bop; + bi p3 + bo 


Аз = [(v — рз)С(®)]|ь=р› = im - p раў (A.25) 


A» = [(v - р)С(0)],- = (A.24) 


Suppose now that ру = рз »* p»; that is, 


bav? + biv + bo 


G(v) = 7———ÀÁ—— —Á. (A.26 
V = Qv — p (v р) i 

In this case, we look for an expansion of the form 
Gw) = Au Ai2 A21 (А.27) 





Ф + Se, 

0-р (v-p) v-p 
Here, we need the l/(v — pi Y? term in order to obtain the correct denominator in eq. (A.26) 
when we collect terms over a least common denominator. We also need to include the 
1/(v — pi) term in general. To see why this is so, consider equating eqs. (A.26) and (A.27) 
and multiplying them through by the denominator of eq. (A.26): 


bw? + biv + Бу = Anl — piv — рз) 
+ Anl — po) + An(v — pi)’. 


Again, if we equate coefficients of equal powers of v, we obtain three equations (for 
the coefficients of the v?, v!, and v? terms). If we omit the Aj; term in eq. (A.27), we will 
then have three equations in two unknowns, which in general will not have a solution. By 
including this term, we can always find a solution. In this case also, however, there is a 
much simpler method. Consider eq. (A.27) and multiply through by (v — pi)?: 


(A.28) 


та 2 
(v - pGt) = Au(v р) + Au + SP, (А29) 


From the preceding example, we see immediately how to determine А |2: 
b;pi + Бүр + b 
An = 10 — pi? Gol. = PLP (A.30) 
p-p 
As for А, suppose that we differentiate eq. (A.29) with respect to v: 


d 2v-p) (v-p)? 
ql — p\)’G(v)] = An + Az EE = ezaz (A.31) 


It is then apparent that the final term in eq. (A.31) is zero for v = pı, and therefore, 


d 
Ац = Е = pto) 





E (A.32) 
_ 2252р + by _ Бор? + Ыр + bo 


Pi — pa (ру — рз)? 
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Finally, by multiplying eq. (A.27) by v — po, we find that 


b; p? + bip? + bo 


Ax = [0 — p»G(v)ll.- p, = (p2 = pi)? 


(A.33) 


This example illustrates all of the basic ideas behind partial-fraction expansion in the 
general case. Specifically, suppose that the denominator of G(v) in eq. (A.12) has distinct 














roots pi, ..., p, with multiplicities 9i, ..., 0,; that is, 
b, Ur +... bu + bo 
Git) em uA A.34 
= орут pay... — p кен 
In this case, G(v) has а partial-fraction expansion of the form 
Ail A12 Aic 
G(v) — +———+...+ — 41 
* v-p (v-py ШТЕТУ 
A21 AZs 
v- p (v — p2)” 
(A.35) 
Ar Aro 
or - 
v -— pr (v — Pr)? 
= >>, An jk 
izi k=1 Y Pi 
where the Aj, are computed from the equation! 
Aix = (c; GB КЕ? m py'Go)] . (A.36) 


v-pi 





This result can be checked much as in the example: Multiply both sides of eq. (A.35) 
by (v — p;)”' and differentiate repeatedly, until A;, is no longer multiplied by a power of 
v — p;. Then set v = pj. 





Example A. 1 
In Example 4.25, we examine an LTI system described by the differential equation 
d^y(r) | ,dy(t) 2m 
a, th P= + 2x(t). (A.37) 


The frequency response of this system is 
jo+2 


HUO) = oy «Ajo +3` 


(A.38) 

To determine the impulse response for this system, we expand H( j«) into a sum 
of simpler terms whose inverse transforms can be obtained by inspection. Making the 
subsitution of v for jw, we obtain the function 


' Here, we use the factorial notation ғ! for the product r(r — 1)(r — 2)...2- 1. The quantity 0! is defined 
to be equal to 1. 
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v+2 v+2 
GM = awra DG Deb (4:39) 


The partial-fraction expansion for G(v) is then 








_ An Аз 
oh Sa oa май) 
where 
-14+2 1 
Au = [w + DG] ,--i9 753—5 (А.41) 
=+ __ 1 
Az = [(v + 3)С(ъ)] ly=-3 = 431 y (A.42) 
Thus, 
1 1 
СЕ ш. a 2 
вова jo +1 + Ja ЕЗ? аз) 
and the impulse response of the system, obtained by inverting eq. (A.43), is 
A(t) = se u(t) + se u(t. (A.44) 


The system described by eq. (A.37) can also be analyzed using the techniques 
of Laplace transform analysis, as developed in Chapter 9. The system function for this 
system is 


5+2 


MS) = д3 


(A.45) 


and if we substitute v for s, we obtain the same G(v) given in eq. (A.39). Thus, the 
partial-fraction expansion proceeds exactly as in eqs. (A.40)-(A..42), with the result that 


1 
+ n г" y (A.46) 


i= 


H(s) = 








= 
+ 


Inverting this transform, we again obtain the impulse response, as given in eq. (A.44). 


Example A.2 


We now illustrate the method of partial-fraction expansion when there are repeated fac- 
tors in the denominator. In Example 4.26, we considered the response of the system 
described in eq. (A.37) when the input was 


x(t) = е ‘u(t). (A.47) 


From eq. 4.81, the Fourier transform of the output of the system is 


н jo+2 
YUo) = G55 ту ө *3y (А.48) 
Substituting v for jw, we obtain the rational function 
ibi ES (A.49) 


(v + 1)2(0 +3) 


916 Signals and Systems, Second Edition 





The partial-fraction expansion for this function is 








Au Ai2 Аз 
сше vtl (w+IP v+? (A59) 
where, from eq. (A.36), 
1 
Ац = Q- Di T das: D!G(v)l ,- 19 7 (А.51) 
5 1 
= [( + 1)°G(v)] |y=-1= 2 (A.52) 
1 
Ар = [(v + 3)G(v)] |,- -3— a (A.53) 
Therefore, 
1 1 1 
2 з= 4 2 4 
Туш) = jo +1 7 (jo -1?  jo-3 (A) 
and taking inverse transforms, we get 
y(t) = laria Lact. де peo (А.55) 
` 4 2 4 í à 


Again, this analysis could also have been performed using Laplace transforms, and the 
algebra would be identical to that given in eqs. (A.49)-(A.55). 


A.3 PARTIAL-FRACTION EXPANSION AND DISCRETE-TIME 
SIGNALS AND SYSTEMS 


As mentioned previously, in performing partial-fraction expansions for discrete-time 
Fourier transforms or for z-transforms, it is often more convenient to deal with a slightly 
different form for rational functions. Suppose, then, that we have a rational function in the 
form 


d, iv"! +... +div + dg 


ия БӘ" ++» ЕЕ +1 





(А.56) 


This form for G(v) can be obtained from G(v) in ед. (A.12) by dividing the numerator and 
denominator by aj. 


With G(v) as in eq. (A.56), the corresponding factorization of the denominator is of 
the form 


d, v7 +... dq do 
(1- рү vy — pz u)? (1 рст)" 
and the form of the partial-fraction expansion that results is 


G(v) = PN E "m (A.58) 


i=l k=1 


G(v) = 





(A.57) 
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The В; can be calculated in a manner similar to that used earlier: 





(A.59) 








Ва = sigo 0" | Sala = ОО] 








у= р; 






As before, the validity of ед. (A.59) can be determined by multiplying both sides of 
eq. (A.58) by (1 — p; !v)";, then differentiating repeatedly with respect to v, until В 


is no longer multiplied by a power of 1 — p; !v, and finally, setting v = рг. 


Exampie A.3 
Consider the causal LTI system in Example 5.19 characterized by the difference equation 
3 1 
yia] – д>!" — 1] + gla —2] = 2xln]. (A.60) 
The frequency response of the system is 
2 
(A.61) 


H(e/”) = — — ———. 
= 1 — е-е + qe Di 


4 


For discrete-time transforms such as this, it is most convenient to substitute v for e~/” 


Making this substitution, we obtain the rational function 
2 2 
(A.62) 


G(v) = E 
ai 1-iv-iv (1-11 iv) 





Using the partial-fraction expansion specified by eqs. (A.57)-(A.59), we obtain 











ipe 206.28. (A.63) 
1— 2® 1— 4U 
1 2 
By = | = zeje) = T 4, (A.64) 
2 v-2 1 ГД 
В [0 ;")eo| iaa ds 2 (A.65) 
age P epe . 
4 Ludi Dez 
Thus, 
TE AN (A.66) 


LE Le 
lo- jo 1 -jo 
1 5€ 1 ae 


and taking the inverse transform of eq. (A.66), we obtain the unit impulse response: 
1v 1ү 
h[n] = 4 5 u[n] — 2 4 и[п]. (A.67) 


In Section 10.7, we developed the tools of z-transform analysis for the exami- 
nation of discrete-time LTI systems specified by linear constant-coefficient difference 
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equations. Applying those techniques to this example, we find that the system function 
can be determined by inspection from eq. (A.60) and is 


2 


i A.68 
eI 1272 ( ) 


H(z) = 1-35; 
g^ 


Then, substituting v for z ', we obtain G(v) as in eq. (A.62). Thus, using the partial- 
fraction expansion calculations in eqs. (A.63)-(A.65), we find that 
4 2 


H(z) = = ; А.69 
шайт Tin vm 





which, when inverted, again yields the unit impulse response of eq. (A.67). 
Example A.4 


Suppose that the input to the system considered in Example A.3 is 
x[n] = G) и[п]. (A.70) 


Then from Example 5.20, the Fourier transform of the output is 














; 2 
Y(e/*) = ———————————. A.71 
(e^) a= ey = jejo) ( ) 
Substituting v for e /" yields 
G(v) — — ЫЕЕЕ (A.72) 
(1— jvXd -— ivy | 
Thus, using eqs. (A.58) and (A.59), we obtain the partial-fraction expansion 
Gv) = Bir + 6 -+ 24 (А.73) 
l= 47 (1 — gu)? 1—50 
апа бпа 
а 2 
By = (—4) E ( те i) aww) a = —4, (A.74) 
1 2 
Bi» = ( = i" aw) = =2, (A.75) 
v=4 
Г 1 1 
Ви = (К - 29) о) = 8 (А.76) 
Therefore, 
Y(jo) = — ы 2 3 (A.77) 


Ud _ 1 T. =й” 
Же М = 4—7) е 
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which can be inverted by inspection as follows, using the Fourier transform pairs in 


Table 4.2: 
| 1 п ( i 1 п 1 n i | ( 
yin] = 1 —4[— | -2in + 1)[— +815 u[n]. A.78) 


Example A.5 


Improper rational functions are often encountered in the analysis of discrete-time sys- 
tems. To illustrate this, and also to show how they can be analyzed using the techniques 
developed here, consider the causal LTI system characterized by the difference equation 


y[n] + > уп =1] + tytn = 2] = x[n] + 3x[n — 1] + Eam — 2) + лїп — 3], 


The frequency response of this system is 


" 1+ 3е іо + еде + ten jw 
Н(еі°) = пыж o, (A.79) 
1+ rid Jo + 6° е 





Substituting v for e^", we obtain 
i$ 1.3 
1+3»+ 6U + з” 


Gv) = 
e 1+ 2v+ ty? 


(A.80) 


This rational function can be written as the sum of a polynomial and a proper 
rational function: 


+ 
G(v) = co + civ + "oil - (A.81) 
1+ в” ы 50? 
Equating eqs. (А.80) and (A.81), and multiplying by 1 + 2v + 212, we obtain 
1+3u+ ZY +3" = (co + bo) + gore +b, |v 
(A.82) 
F а + 5c v? + ссп. 
6 6 
Equating coefficients, we see that 
1 p 2. 
6°! = = 6j = 
lae diac 
os" б. (A.83) 
5 1 
get +b =3>b = 6 
co + bo = 1 > bo = 0. 
Thus, 
: lg-jo 
H(e) = 14+ 2e 1" + ———$— —— —, (A.84) 
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920 
Also, we can use the method developed here to expand the proper rational function 
in eq. (A.81): 
І 1 
6” 50 В В» 
<8 ге = | 6 — = Д & 2 | (A.85) 
l+ oto  (LIt39(1*5v) (+u) (+0) 


The coefficients are 














Therefore, we find that 
і (А.86) 


Н(еі°) = 1+2e + ; = — 
I4 ge 4 1+5е Je 





and by inspection, we can determine the impulse response of this system 


jui (A.87) 


hin] = Si] + 28а - 11+ (-3) -( Г 
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The purpose of this bibliography is to provide the reader with sources for additional and 
more advanced treatments of topics in signal and system analysis. This is by no means 
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study and several references for each. 
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ments of topics in signals and systems introduced in this text, including filtering, sampling 
and discrete-time signal processing, communications, and feedback. and control. We have 
also provided a list of other basic books on signals and systems as well as several texts on 
circuit theory. In addition, we have provided lists of references on several topics that rep- 
resent important subjects for more advanced study for those interested either in expanding 
their knowledge of the methods of signals and systems or in exploring applications that 
make use of these advanced techniques. In particular we include sections on state space 
models and methods, multidimensional signal and image processing, speech processing, 
multirate and multiresolution signal analysis, random signals and statistical signal pro- 
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А = 10,B=%,C = 0 

cy = 6 forall k 

y(t) = 0 

H(ei™?) = H*(e?7?) = 29/7, H(eJ0) = H(eiT) = 0 
|4 >8 


(a)0 (Ы) sinfZn*2) (с) 0 
Sı and $5 are not LTI. 
Sı and S» are not LTT. 


(a) dun +у() = x(t) b) Н(јо) = (+) © yt) = 55 cost - 7) 


1+ jo 


(a) $29 + 299 + уб) = xr) b) Hjo) = a) (0) -cost 





Chapter 4 Answers 


4.1. 
4.2. 
4.3. 


4.4. 
4.5. 


4.6. 


4.7. 


4.8. 
4.9. 


4.10. 


(а) i © i 

(a) 2cosw (b) —2jsin2w 

(a) 5[е/"48(0 — 2a) — eiT Elw + 2т)] 

(b) 278(0) + т[еіт/88(0 — бт) + е і"/(0 + бт)] 
(а) 1 + cosd4zt (Б) 4jsin t 


mt 
__ 2sin(3(t—3/2)) 
т(1—3/2) 


(a) X\(jw) = 2X(—jw)cosw ^ (b) Xo(jo) = fe 7?°Х(]®) 

(с) X3(jw) = —o?e )"X(jo) 

(a) neither, neither (b) imaginary, odd (c) imaginary, neither 

(d) real, even 

(a) EGA +тб@) (b) EGA 

oo ques ypg- 
j/27, -2zxvo«0 


(a) Х(јо) = 4 -j2m, 0<<2 (b) A = 4 
0, otherwise 





x(t) = „t = “2 + 3 for nonzero integers k 
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4.11. A= 1,В = 3 

4.12. (а) MTS (b) -j27we- +! 
4.13. (a) No (b) Yes (c) Yes 
444. x(t) = /12[e" — elult) 
4.15. x(t) = 2te-l"lu(t) 

4.16. (a) g(t) = т> ôt- т) (b) Х(јо) - | 


4.17. (а) False (b) True 








5, I < 1 
3 
4a dsl: t» 13555 
-Hei 5<|]<7 
0, otherwise 
4.19. x(t) = PS 
4.20. h(t) = e^? sin rur) 
Chapter 5 Answers 
Lis det 


5.2. (a) 2cosw (b) 2j i sin(2w) 
5.3. (a) F{el™5(w — 5) — е I™45(w + F)} 
(b) 476(o) + т{е7"%68( — 2) + e /™85(w + 2)) 


54. (a) xi[n] = 1+cos(Zn) (b) Ape 


5.5. x[n] — mie Dh and x[n] = 0 forn = +% 


т(п— 5) 
5.6. (а) Xi(e/”) = (2соз w)X (e7 jo) (b) Xo(eJ*) = Re{X(e/”)} 
(c) Хз(е/®) = -L X(eiv) = 2j4 X(e/?) + X(e/") 
5.7. (a) imaginary, neither (b) real, odd (c) real, neither 


ме 


1, —2 
5.8. x[n] =< n+3, -1ns1 


4, п>2 
5.9, x[n] = —ó[n + 2] + 6[n + 1] + ó[n] 
5.10. A = 2 
5.11. a = T 


5.12. 5 s|e| s т 
5.13. min] = –204)"и[п] 
5.14. hin] = 158[п] — үу8[п – 2] 
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5.15. 
5.16. 
5.17. 
5.18. 
5.19. 


5.20. 


Qc = 3т/% 

(aya=} (b)N=4 (0 № 
by = 4(-1)* 

ay = 4G 

(a) H(e/"*) = +С 


— ze I")y(14 5е-іә) 
(b) h[n] = 2(5)"u[n] + 2(—4)"uln] 
(a) H(e/") 5 cs 


(b) yin] — 3yIn — 1] = хіп - 1] 


Chapter 6 Answers 


6.1. 
6.2. 
6.3. 
6.4. 
6.5. 
6.6. 
6.7. 
6.8. 
6.9. 


6.10. 


6.11. 


6.12. 
6.13. 
6.14. 


(а) А —|H(eo)| Ф) 0 = — SA) 

ФН(еі%) = —no(wo) + 27k for some integer k. 

(a) А = 1 (b) т(о) > 0 for w > 0 

(а) 2cos(Zn— т) (b) 2sin(7n — 77) 

(a) g(t) = 2с05(20,7) (b) more concentrated 

(a) g[n] = (—1)" (b) more concentrated 

(а) 1,000 Hz and 3,000 Hz (b) 800 Hz and 3,200 Hz 


п- 0р =W=T7 

Final value = 2/5, t; = 2/5 sec 
=20, w < 0.1 

(а) 201ogio |H(jo)| = 20log;o(e) 0.1 « w « 40 
32; w > 40 


(b) 20 logo |H(jw)| = 4 —20log;)(w) +6, 02<w<50 


| 
| 


—28, w > 50 
20, w < 0.5 

(a) 20logio |H(jo)| = 4 —20log;)(@) + 14, 0.5 «о « 50 
—4010810(0) + 48, w > 50 
0, wl 

(b) 20logio |H(jo)| = < —401og;o w, 1 « w « 50 
—201og;o «€ — 34, w > 50 


sy — _0.01( jw +40) 
H2( jw) (jo+1)Ga+8) 


(a) not unique (b) unique 
Hi(jo) = 0.2 x 107 40e Dus 11 


6.15. 


6.16. 
6.17. 
6.18. 


6.19. 
6.20. 
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(a) critically damped (b) underdamped 
(c) overdamped (d) underdamped 


yin] + $y[n — 1] = $x[n] 
(a) oscillatory (b) nonoscillatory 


No 
к=2/& 


T(w) = 2 


Chapter 7 Answers 


7.1. 
7.2. 
T. 
7.4. 


7.5. 


7.6. 


7.7. 
7.8. 


7.9. 
7.10. 
7.11. 


7.12. 
7.13. 
7.14. 
7.15. 
7.16. 
7.17. 
7.18. 
7.19. 
7.20. 


|w| > 5,0007 

(a) and (c) 

(a) 8,0007 (b) 8,0007 (с) 16,0007 
(а) wo @Ф оо (с 200 (d) Зоо 


] T; = о LO - 
|H(jw)| = Hh ee? where 50 < we < T — *$,«XH(jo) = 0 
Tmax — pe 
H(jo) = Lumen x go T2) 

(a) Yes 
à Р к= 0 
а Каті >J =AL Lakad 
(b) g(t) = > axe/*™, where a, = GY sks 
=-4 iar, -4=<=k<=<-1 
wo = 507r 
(a) False (b) True (c) True 


(a) X.(jo) is real 

(b) Max{X,(jw)} = 0.5 x 10? 

(c) X.(jo) = 0 for |o| = 1,5007 

(d) X.(jo) = X.(j(o — 2,0007)) ого = w = 2,0007 


|ш| > 750т 
hin] = é[n — 2] 

= _ Sin[z(n—3)] 
hinl = Тт(л— 1)? 
М=2 

- in(n/2) ү? 
x[n] = 44) 


Ideal lowpass filter with cutoff frequency 7/2 and passband gain of unity 
Ideal lowpass filter with cutoff frequency 7/4 and passband gain of 2. 


(a) у[п] = sin(5o, n/3) (b) у[п] _ laln] 


5тп 


(a) Yes (b) No 
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Chapter 8 Answers 


8.1. m(t) = 1e Jeet 

8.2. (a) No constraint necessary (Б) |w,| > 1,0007 
8.3. y(t) = 0 

8.4. y(t) = sin 20077 

8.5. m = = 

8.6. A = 4 
8.7. wo = 2wa A = 2 

8.8. (a) Yes (Б) Yes, x(t) = {y(t) sin wt} + et 

89. (a) w| > 20, b) wo = w,, A = 2 

8.10. (a) X(jw) = Ofor|w| = 1,0007 (Ы) о, = 1,0007, A = 4 
8.11. (a)  < |o| = 20, Саіп=1 (b) A = 2lail, ó = а 
8.12. A = 0.5 x 107^ 

8.13. (а) pO) = т — (b) РКТ) = 0 


8.14. Y(jo) = mlw — v.) — 5; 8(@ — We — Wm) — 7; 9(v — Wwe t Op) 








8.15. Wo = Oandwo =F 
8.16. 0 < о < and = о = т 
8.17. 0 < |о|  Z 


8.18. H(e/”) = | ^ 
8.19. N = 20 
8.20. pin] = > ó[n —2K] 


kz—o 


Chapter 9 Answers | 


9.1. (а) с> -5 (b) o<-5 (0) -~<a<~ 
(d) novalueofao (е) |o| < 5 (f o <5 

92. (a) 7, Refs}>-5 (b) A = —1, to = —1, Refs} < —5 

9.3. Re{B} = 3, $m(B) arbitrary 

9.4. 1+2j,1— 2j, 5} <1 

9.5. (a) 1,1 (b) 0,1 (c) 1,0 

9.6. (a) no (b) yes (c) no (d) yes 

9.7. 4 

9,8. two sided 


9.9. x(t) = 4e "'u(t) — 2e ?'u(r) 





9.10. 
9.11. 
9.12. 
9.13. 
9.14. 
9.15. 
9.16. 
9.17. 
9.18. 


9.19. 


9.20. 


(a) lowpass (b) bandpass (c) highpass 

|X(jw)| = 1 

(a) not consistent (b) consistent (c) consistent 
a=-1,Bp= i 

X(s) = VIA? — -5 +6? t+ i -4 < Refs} < 2 
X(s) =. ^ xa Gle(s) > 0 

(a) 2 (b) a>0 


d? d^ y(t) du 
n E 1057 


(a) H(s) = 
(b) Lowpass 





52 TD 


Answers 





+ 16y(t) = 12500 + 340 
, Refs} > -i 


(с) H(s) = c Refs} > —0.0005 


(d) Euer 
Reis} 


(a) 23 
(b) 1+ 9 


b 


© sat р 


2-2 


t Refs} > —2 


Refs} > —2 


(a) e^'u(t) — e ?'u(t) 


(b) eult) 
(c) 2e 'u(t) — 


e ?' wt) 
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Chapter 10 Answers 


10.1. 


10.2. 


10.3. 
10.4. 
10.5. 
10.6. 
10.7. 
10.8. 
10.9. 

10.10. 


10.11. 


10.12. 
10.13. 


10.14. 





® i<} «© 4>1 @1<|4<2 





(а) |] > 5 

X(z) = ha E 

la| = 2, no arbitrary 

poles at z = 1e*/7^, ROC: |z| < 1 

(a) 1,1 (b) 2,0 (c) 1,2 

(a) No (b) No (c) Yes (d) Yes 
3 

two sided 

x[n] = $u[n] + 3-2)" u[n] 

(a) x[0] — 1, 


x[n] = 1g» 


(a) highpass 
(a) G(z) = 1 
(a) no = 2 


x[1] = 2, х2] = -4 (b) x[0] = 3, x[-1] = —6, x[-2] = 


9 


0znz9 
otherwise 


(b) lowpass (c) bandpass 
-z$|j»0 (b) X(z) = 
(b) G@ = (£x y 





=ó. А S 


1-271° 


940 


10.15. 
10.16. 
10.17. 
10.18. 


10.19. 


10.20. 
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(5)"u[n] and (—3)"u[n] 

(a) Not causal (b) Causal (c) Not causal 

(a) Yes (b) Yes 

(а) у[л]— $»I[n — 1] + фул – 2] = x[n] — 6x[n — 1] + 8x[n — 2] 
(b) Yes 

(а) xi(z) = rige а > 1 
(b) x2(z) = 2, All z 

© x3@ = ld? 
(a) —(—4)"u{n] 

(b) iC iun] + #(1)"и[л] 
(е) —2(—}$)"uln] + £G"uln] 


Bie 


Ni 


Chapter 11 Answers 


11.1. 
11.2. 


11.3. 
11.4. 


11.5. 
11.6. 
11.7. 
11.8. 
11.9. 

11.10. 

11.11. 

11.12. 

11.13. 

11.14. 

11.15. 

11.16. 

11.17. 

11.18. 

11.19. 

11.20. 


Hy(z) 
Ho(z) + 1+G(z)H,(z) 


Hy (s)H>(s) 
L-Hi(s)Gó G)- Ha (s)H2(s)G5 (s) 


b«-1 
G(s) = 
-$«b«3 

FIR 

К> —6 

=3 k=O 

No, root locus stays on real axis 


1 
s 


Double pole at s = —1, double zero ats = 1 
0<k<} 

Pole and zero positions alternate on the real axis 
Unstable for all K 

(a) 0 (b) 1 

K2-—]1 

К> –1 

-1<K<4 

—]«K«1 

Unstable 

Gain margin is infinite, phase margin is 2tan '! J2 


INDEX 


Absolutely summable impulse 
response, 113 
Absolutely integrable impulse 
response, 114 
Accumulation property 
discrete-time Fourier series, 221 
discrete-time Fourier transform, 
375-16 
unilateral z transform, 793 
Accumulator, 44 
Acoustic feedback, 830—32, 855 
Adders in block diagrams, 125, 126 
Additivity property, 53 
Aliasing, 527-34 
All-pass systems, 430, 498, 681—82 
AM. See Amplitude modulation (AM) 
Amplifier 
chopper, 652 
operational, 821, 896—97 
Amplitude modulation (AM), 236—37, 
322, 324, 583 
pulse-train carrier, 601—4, 605 
sinusoidal, 583—87 
complex exponential carrier, 583-85 
demodulation for, 587-94 
discrete-time, 619—23 
frequency-division multiplexing 
(FDM) using, 594-97 
single-sideband, 597—601 
sinusoidal carrier, 585-87 
Amplitude-scaling factor, 483 
Analog-to-digital (A-to-D) 
converter, 535 


Analysis equation 
continuous-time Fourier series, 191 
continuous-time Fourier 
transform, 288 
discrete-time Fourier series, 213 
discrete-time Fourier transform, 
361, 390 
Angle criterion, 836—40 
Angle modulation, 611—13 
Angle (phase) of complex number, 71 
Anticausality, 695 
Aperiodic convolution, 222 
Aperiodic signal, 12, 180 
continuous-time Fourier transform for, 
285-89 
discrete-time Fourier transform for, 
359-62 
Associative property of LTI systems, 
107-8 
Audio systems 
feedback in, 830-32, 855 
frequency-shaping filters in, 232 
Autocorrelation functions, 65, 168, 
170—72, 738 
Automobile suspension system, analysis 
of, 473—76 
Average, weighted, 245 
Averaging system, noncausal, 47 


Band-limited input signals, 541 
Band-limited interpolation, 523-24 
Bandpass filters, 237-38, 326 
Bandpass-sampling techniques, 564—65 
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Bandpass signal, 564—65 
Bandwidth of an LTI system, 352-53 
Bartlett (triangular) window, 421 
Bernoulli, D., 178 
Bilateral Laplace transform. See Laplace 
transform 
Bilinear transformation, 814-15 
Bit, 610 
Block diagram(s), 42 
cascade-form, 712, 713, 787-89 
causal LTI systems, 708-13, 
784-89 
direct-form, 712, 713, 787-89 
first-order systems described by 
differential and difference 
equations, 124—27 
parallel-form, 712, 713, 787—89 
Bode plots, 436—39 | 
automobile suspension system, 475 
rational frequency responses, 
456-60 
Break frequency, 450 
Butterworth filters, 446—47, 505, 703-6 


Capacitor, 44 
Carrier frequency, 584 
Carrier signal, 583 
Cartesian (rectangular) form for complex 
number, 71 
Cascade-form block diagrams, 712, 713, 
787—89 
Cascade (series) interconnection, 42 
Causal LTI systems, 46—48, 112-13, 
116-27 
block diagram representations for, 
708-13, 784-89 
first-order systems, 124—27 
Laplace transform for, 693-95, 697 
z-transform for, 776—77 
Channel equalization, 609-10 
“Chirp” transform algorithm, 651 
Chopper amplifier, 652 
Circle, aac, 743 
Circuit, quality of, 456 
Closed-loop system, 818 
Closed-loop poles, 834—36 


————————————————————————————————— 7 


Closed-loop system function, 820 
Coefficient multiplier, 125, 126 
Coefficients, Fourier series. See Fourier 
series coefficients 
Communications systems, 582—653 
amplitude modulation with pulse-train 
carrier, 601—4, 605 
discrete-time modulation, 619—23 
pulse-amplitude modulation, 604—10 
digital, 610 
intersymbol interference in, 607-10 
sinusoidal amplitude modulation, 
583-87 
with complex exponential carrier, 
583-85 
demodulation for, 587-94 
discrete-time, 619—23 
frequency-division multiplexing 
(FDM) using, 594—97 
single-sideband, 597—601 
sinusoidal carrier, 585-87 
sinusoidal frequency modulation, 583, 
611-19 
narrowband, 613-15 
periodic square-wave modulating 
signal, 617-19 
wideband, 615-17 
Commutative property of LTI systems, 
104 
Compensation for nonideal elements, 
821-22 
Complex conjugate, 72 
Complex exponential(s) 
discrete-time, periodicity properties 
of, 25-30 
general, 20—21 
harmonically related, 19 
linear combinations of harmonically 
related. See Fourier series 
LTI system response to, 182-86, 
226-31 
periodic, 186 
stnusoidaf ampfituce modulation and, 
583-85 
Complex exponential signals, general, 
24-25 


Index 


Complex numbers, 71 
Conditionally stable systems, 892 
Conjugate symmetry, 204—5, 206, 221, 
303-6, 375 
Conjugation property 
continuous-time Fourier series, 
204—5, 206 
continuous-time Fourier transform, 
303-6 
discrete-time Fourier series, 221 
discrete-time Fourier transform, 375 
Laplace transform, 687 
unilateral, 717 
z-transform, 770 
unilateral, 793 
Constants, time, 448 
dominant, 500—501 
Continuous-time signals 
energy and power of, 5—7 
examples and mathematical 
representation of, 1—5 
sampling of, 4 
Continuous-time systems, 448-60 
Bode plots for rational frequency 
responses and, 456—60 
examples of, 39—41 
first-order, 448—51 
interconnections of, 41—43 
second-order, 451—56 
Continuous-to-discrete-time 
conversion, 535 
Convergence. See also Region of 
convergence 
continuous-time Fourier series, 
195-201 
continuous-time Fourier transform, 
289—90 
discrete-time Fourier series, 219-21 
discrete-time Fourier transform, 
366-67 
Convolution 
aperiodic, 222 
associative property of, 107-8 
commutative property of, 104 


defining continuous-time unit impulse 


function through, 131—32 
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distributive property of, 104—6 
operation of, 79, 85 
periodic, 222, 389-90 
Convolution integral, 90—102 
evaluating, 97-102 
Convolution property 
continuous-time Fourier series, 206 
continuous-time Fourier transform, 
314-22 
discrete-time Fourier series, 
221, 222 
discrete-time Fourier transform, 
382-88 
Laplace transform, 687-88 
unilateral, 717-18 
z-transform, 770-72 
unilateral, 793-94 
Convolution sum, 75—90, 384—86 
evaluating, 81—84 
Correlation function, 65 
Critically damped systems, 453, 467 
Cross-correlation functions, 65, 
168, 170 
Cutoff frequencies, 237 


Damped sinusoids, 21 
Damping ratio, 452-53 
dc offset, 207 
dc sequence, 224 
Deadbeat feedback, 907 
Decibels (dB), 232, 233, 437 
Decimation, 549-55 
Degenerative (negative) feedback, 
822, 831-32 
Delay, 44 
group, 430-36 
half-sample, 543—45 
unit, 125 
Delay time, 406 
Demodulation, 585 
defined, 583 
sinusoidal amplitude modulation, 
587-94 
asynchronous, 590-94 
discrete-time, 622 
synchronous, 587—90 
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Difference equations 
discrete-time filters described by, 
244-49 
first-order recursive, 244—45 
nonrecursive, 245—49 
linear constant-coefficient. See Linear 
constant-coefficient difference 
equations 
Differencing property 
discrete-time Fourier series, 222-23 
discrete-time Fourier transform, 
375-76 
z-transform, 775 
unilateral, 793 
Differential equations 
continuous-time filters described by, 
239-44 
RC highpass filter, 241-44 
RC lowpass filter, 239-41 
linear constant-coefficient. See Linear 
constant-coefficient differential 
equations 
Differentiating filters 
continuous-time, 232-34, 235 
discrete-time, 541—43 
Differentiation 
s domain, 688—90, 717 
time-domain, 688, 717 
z domain, 772, 793 
Differentiation property 
continuous-time Fourier series, 206 
continuous-time Fourier transform, 
306-8 
discrete-time Fourier transform, 380 
Differentiator 
block diagram representation of, 126 
digital, 541—43 
Digital-to-analog (D-to-A) converter, 535 
Direct Form I realization, 161—63 
Direct Form II realization, 161—63 
Direct-form block diagrams, 712, 713, 
787-89 
Dirichlet, P.L., 180 
Dirichlet conditions, 197—200, 290, 316 
Discontinuities, 198—200 
Discrete Fourier transform (DFT) for 
finite-duration signals, 417-18 





Discrete-time Fourier series pair, 213 
Discrete-time LTI filters, 234—36 
Discrete-time modulation, 619-23 
Discrete-time nonrecursive filters, 
476-82 
Discrete-time signals, 211 
energy and power of, 5—7 
examples and mathematical 
representation of, 1—5 
sampling of, 545-55 
decimation and interpolation, 
549-55 
impulse train, 545-49 
Discrete-time systems, 461—72 
first-order, 461--65 
second-order, 465-72 
Discrete-time to continuous-time 
conversion, 535 
Dispersion, 433 
Distortion 
magnitude and phase, 428 
quadrature, 636 
Distribution theory, 36, 136 
Distributive property of LTI systems, 
104-6 
Dominant time constant, 500—501 
Double-sideband modulation (DSB), 598 
Downsampling, 551 
Duality 
continuous-time Fourier transform, 
295, 309-11, 322 
discrete-time Fourier transform, 390-96 
between discrete-time Fourier 
transform and continuous-time 
Fourier series, 3995—96 


Echo, 737 
Eigenfunctions, 183—84, 272 
Eigenvalue, 183, 272 
Elliptic filters, 446—47 
Encirclement property, 847—50 
Energy-density spectrum, 312, 349, 381 
Energy of signals, 5-7 
Envelope detector, 591, 592 
Envelope function, 285 
Equalization, 649 

channel, 609-10 


Index 


Equalizer, zero-force, 649 

Equalizer circuits, 232, 233 

Euler, L., 178 

Euler’s relation, 71 

Even signals, 13-14 
continuous-time Fourier series, 206 
discrete-time Fourier series, 221 

Exponentials. See Complex 

exponential(s) 

Exponential signals, 14—30 
continuous-time complex, 15-21 
discrete-time complex, 21—30 
real, 22, 23 

Extension problems, 137 


Fast Fourier transform (FFT), 182, 418 
Feedback. See also Linear feedback 
systems 
applications of, 820-32 
angular position of telescope, 
816-18 
audio, 830-32, 855 
compensation for nonideal 
elements, 821—22 
inverse system design, 820-21 
inverted pendulum, 818-19 
population dynamics, 824-26 
sampled-data systems, 826-28 
stabilization of unstable systems, 
823-26 
tracking systems, 828-30 
closed-loop poles, 836-38 
deadbeat, 907 
degenerative (negative), 822, 831-32 
destabilization caused by, 830-32 
positive (regenerative), 831-32 
proportional, 823 
proportional-plus-derivative, 824 
Type l, 906 
Feedback interconnection, 43 
Feedback path, system function of, 820 
Filter(s), 231-50 
Butterworth, 446—47, 505, 703—6 
continuous-time, described by 
differential equations, 239-44 
RC highpass filter, 241—44 
RC lowpass filter, 239-41 
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continuous-time differentiating, 
232-34, 235, 541 
discrete-time, described by difference 
equations, 244—49 
first-order recursive, 244—45 
nonrecursive, 245-49 
elliptic, 446—47 
finite impulse response (FIR), 122 
discrete-time, 476—82 
linear-phase, causal, symmetric, 
579-80 
frequency-selective, 231, 236-39, 
318, 423 
bandpass, 237--38, 326 
highpass, 237-38, 241-44, 
374-75, 387 
ideal, 237-39, 439-44 
lowpass, 237, 318, 321-22, 374-75, 
384, 440, 442, 443 
time-domain properties of ideal, 
439-44 
with variable center frequency, 
325-27 
frequency-shaping, 231, 232-36 
differentiating filters, 232-34, 235 
discrete-time LTI filters, 234—36 
infinite impulse response (IIR), 
123, 476 
matched, 170—72, 275 
moving-average, 476-82 
nonideal, 444—47 
Filtering, defined, 231 
Final-value theorem, 690—91 
Finite-duration signals, discrete Fourier 
transform for, 417-18 
Finite impulse response (FIR) filters, 122 
discrete-time, 245—49, 476-82 
linear-phase, causal, symmetric, 
579-80 
Finite sum formula, 73 
First difference, 111. See also 
Differencing property 
First harmonic components, 187 
First-order continuous-time systems, 
448-51 
First-order discrete-time systems, 
461-65 
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First-order recursive discrete-time filters, 
244-45 
Forced response, 118 
Forward path, system function of, 820 
Fourier, Jean Baptiste Joseph, 179-81 
Fourier series, 177—283. See also 
Filter(s) 
continuous-time, 186—211 
analysis equation of, 191 
conjugation and conjugate 
symmetry of, 204—5 
convergence of, 195—201 
determination of, 190-95 
Dirichlet conditions, 197—200 
duality between discrete-time 
Fourier transform and, 395—96 
examples, 205-11 
Gibbs phenomenon, 200-201, 219 
linear combinations of harmonically 
related complex exponentials, 
186-90 
linearity property of, 202 
multiplication property of, 204 
Parseval's relation for, 205, 206 
square wave, 193-95, 200, 201, 
209, 218-19 
synthesis equation of, 191 
table of properties, 206 
time reversal property of, 203 
time scaling property of, 204 
time shifting property of, 202—3 
discrete-time, 211-26 
analysis equation of, 213 
convergence of, 219-21 
determination of, 212-21 
first-difference property of, 
222-23 
linear combinations of harmonically 
related complex exponentials, 
211-12 
multiplication property of, 222 
Parseval's relation for, 223 
square wave, 219-20, 224 
synthesis equation of, 213 
table of properties, 221 
historical perspective, 178-82 
LTI systems and, 226-31 





Fourier series coefficients 


continuous-time, 191, 286 
convolution property of, 222 
discrete-time, 212, 213 

real and imaginary parts of, 216, 217 


Fourier series pair, discrete-time, 213 
Fourier transform, 180 


fast (FFT), 182, 418 
geometric evaluation from pole-zero 
plot, 674-82, 763-67 
all-pass systems, 681-82 
first-order systems, 676-77, 
763-65 
second-order systems, 677-81, 
765-67 
inverse, 284, 288 
magnitude-phase representation of, 
423-27 


Fourier transform, continuous-time, 


284—357. See also Laplace 
transform 
analysis equations, 300 
for aperiodic signal, 285-89 
convergence of, 289-90 
Dirichlet conditions, 290, 316 
even signals, 304 
examples of, 290-96 
Gibbs phenomenon, 294 
imaginary part of, 304 
impulse train, 299—300 
inverse, 284, 288 
odd signals, 304 
periodic signals, 296—300 
properties of, 300-330 
conjugation and conjugate 
symmetry, 303-6 
convolution, 314—22 
differentiation and integration, 
306—8 
duality, 295, 309—11, 322 
linearity, 301 
multiplication, 322-27 
Parseval's relation, 312-14 
tables of, 328-30 
time and frequency scaling, 308-9 
time shifting, 301—3 
real part of, 304 
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rectangular pulse signal, 293-94 
sinc functions, 295 
symmetric periodic square wave, 
297-98 
synthesis equation for, 288, 300, 314 
two-dimensional, 356-57 
of unit impulse, 292 
Fourier transform, discrete-time, 
358-422 
analysis equation, 361, 390 
convergence issues associated with, 
366—67 
development of, 359-62 
examples of, 362-66 
finite-duration signals, 417-18 
impulse train, 371—72, 376 
periodic signals, 367-72 
properties of, 372-90 
conjugation and conjugation 
symmetry, 375 
convolution, 382-88 
differencing and accumulation, 
375-16 
differentiation in frequency, 380 
duality, 390—96 
linearity, 373 
multiplication, 388-90 
Parseval's relation, 380—82 
periodicity, 373 
table of, 390, 391 
time expansion, 377-80 
time reversal, 376-77 
time shifting and frequency 
shifting, 373-75 
rectangular pulse, 365-66 
synthesis equation, 361, 390 
unit impulse, 367 
z-transform and, 743 
Fourier transform pairs, 288 
continuous-time, 329 
discrete-time, 361, 392 
Frequency(ies) 
carrier, 584 
cutoff, 237 
differentiation in, 380 
fundamental, 17—18 
instantaneous, 613 
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Nyquist, 519 
passband, 237 
sampling, 516 
stopband, 237 
Frequency-division multiplexing (FDM), 
594-97 
Frequency-domain characterization. See 
Time-domain and frequency- 
domain characterization 
Frequency response, 227-28 
continuous-time delay, 543 
continuous-time ideal band-limited 
differentiator, 541 
discrete-time delay, 543 
discrete-time filter, 542 
first-order system, 677 
highpass filter, 374—75 
lowpass filter, 374—75 
discrete-time ideal, 384 
ideal, 318 
LTI systems, 427—39 
LTI systems analysis and, 316 
open-loop, 821 
raised cosine, 629 
rational, Bode plots for, 456—60 
second-order systems, 677—78, 680 
Frequency scaling of continuous-time 
Fourier transform, 308-9 
Frequency-selective filter, 231, 236—39, 
318, 423 
bandpass, 237-38, 326 
highpass, 237-38, 241-44, 
374-75, 387 
ideal, 237-39 
time-domain properties of, 
439-44 
lowpass, 237 
variable center frequency, 325-27 
Frequency-shaping filters, 231, 
232-36 
differentiating filters, 232-34, 235 
discrete-time LTI filters, 234-36 
Frequency shifting property 
continuous-time Fourier series, 206 
continuous-time Fourier transform, 
311, 328 
discrete-time Fourier series, 221 
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discrete-time Fourier transform, 
373-75 
Frequency shift keying (FSK), 646 
Fundamental components, 187 
Fundamental frequency, 17—18 
Fundamental period, 12 
continuous-time periodic signal, 186 
discrete-time periodic signal, 211 


Gain, 428 
linear feedback systems, 835, 858-66 
tracking system, 829-30 
General complex exponentials, 20-21, 
24-25 
Generalized functions, 36, 136 
Gibbs phenomenon, 200-201, 219, 294 
Group delay, 430-36 


Half-sample delay, 543-45 
Hanning window, 422 
Harmonically related complex 
exponentials, 19 
Harmonic analyzer, 200 
Harmonic components, 187 
Heat propagation and diffusion, 180 
Higher order holds, 526-27 
Highpass filter, 237-38 
frequency response of, 374—75 
ideal bandstop characteristic, 387 
RC, 241-44 
Highpass-to-lowpass 
transformations, 498 
Hilbert transform, 351 
Hold(s) 
higher order, 526-27 
zero-order, 520—22, 523-26 
Homogeneity (scaling) property, 53 


Ideal frequency-selective filter, 237-39 
time-domain properties of, 439-44 
Idealization, 67 
Identity system, 44 
Image processing 
differentiating filters for, 232-34, 235 
phase representation and, 425-27 
Imaginary part 
complex number, 71 





Fourier series coefficients, 216, 217 
Impulse response 
absolutely integrable, 114 
absolutely summable, 113 
associated with group delay, 435-36 
causal LTI system, 112 
continuous-time ideal lowpass 
filter, 442 
discrete-time ideal lowpass filter, 442 
first-order discrete-time system, 
461—62 
ideal lowpass filter, 321—22, 384 
second-order systems, 677—78 
discrete-time systems, 466—68 
Impulse train 
continuous-time Fourier series of, 
208-10 
continuous-time Fourier transform of, 
299—300 
discrete-time Fourier transform of, 
371-72, 316 
Impulse-train sampling, 516—20, 545-49 
Incrementally linear systems, 56 
Independent variable, 3-4 
transformation of, 7-14 
Infinite impulse response (IIR) filters, 
123, 476 
Infinite sum formula, 73, 89 
Infinite Taylor series, 277 
Initial-value theorem 
Laplace transform, 690—91 
z-transform, 773-74 
Instantaneous frequency, 613 
Integral, convolution, 90-102 
evaluating, 97-102 
Integration, in time-domain, 690, 717 
Integration property 
continuous-time Fourier series, 206 
continuous-time Fourier transform, 
306-8 
Integrator, 126-27 
Interconnection 
convolution property and analysis of, 
386-87 
distributive property of convolution 
and, 105 
feedback, 43 


Index 


LTI systems 
Laplace transform for, 707-8 
system functions for, 707—8 
z-transform for, 784 
parallel, 42—43 
Interference, intersymbol, 607-10 
Intermediate-frequency (IF) stage, 590 
Interpolation, 549-55 
band-limited, 523-24 
linear, 522-23, 526 
reconstruction using, 522-27 
Intersymbol interference (ISI), 607-10 
Inverse Fourier transform, 284, 288 
Inverse Laplace transform, 670-73 
Inverse LTI system, 734 
Inverse system design, 820-21 
Inverse systems, 45-46 
Inverse z-transform, 757—63 
examples of, 758—763 
Inverted pendulum, 818-19 
Invertibility of LTI systems, 109-11 
Invertible systems, 45—46 


Lacroix, S.F., 180 
Lag, phase, 491-92 
Lag network, 890 
Lagrange, J.L., 178-79, 180 
Laguerre polynomials, 738 
Laplace, P.S. de, 180 
Laplace transform, 654—740 
bilateral, 655, 714 
geometric evaluation of, 674—82 
all-pass systems, 681—82 
first-order systems, 676—77 
second-order systems, 677-81 
inverse, 670-73 
LTI system analysis and 
characterization using, 693-706 
causality, 693-95, 697 
linearity constant-coefficient 
differential equations, 698—700 
stability, 695-98 
poles of, 660 
pole-zero plot of, 660-62, 674-82 
properties of, 682-92 
conjugation, 687 
convolution, 687-88 


949 


differentiation in s domain, 688—90 
differentiation in time-domain, 688 
initial- and final-value theorems, 
690-91 
integration in time-domain, 690 
linearity, 683-84 
s-domain shifting, 685 
table of, 691--92 
time scaling, 685-87 
time shifting, 684 
region of convergence for, 657—58, 
662-70 
left-sided signal, 666, 669 
rational transform, 669 
right-sided signal, 665—66, 669 
two-sided signal, 666-68 
s-plane representation of, 660, 
663-64 
as system function, 693, 701-13 
block diagrarn representations, 
708-13 
Butterworth filters, 703—6 
interconnections of LTI systems, 
707-8 
transform pairs, 692-93 
unilateral, 714-20 
examples of, 714-16 
properties of, 716-19 
solving differential equations using, 
719-20 
zeros of, 660 
Lead, phase, 491-92 
Lead network, 890 
Left-half plane, 666 
Left-sided signal, 666 
Linear, time-invariant (LTI) systems, 
41, 56, 74-176. See also Linear 
constant-coefficient difference 
equations; Linear constant- 
coefficient differential equations 
bandwidth of, 352-53 
causal, 46—48, 112-13, 116-27 
block diagram representations for, 
124-27, 708-13, 784-89 
described by linear constant- 
coefficient difference equations, 
116, 121-24, 396-99 
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described by linear constant- 
coefficient differential equations, 
116, 117-21 
real-part sufficiency property 
of, 417 
continuous-time, 90—102 
convolution-integral representation 
of, 94—102 
described by linear constant- 
coefficient differential equations, 
330-33 
representation in terms of impulses, 
90-94 
convolution property and, 319-21 
discrete-time, 75—90 
convolution-sum representation of, 
77-90 
representation in terms of impulses, 
75-77 
feedback. See Linear feedback 
systems 
filtering with, 231, 234-36 
Fourier series and, 226-31 
frequency response of, 316 
magnitude-phase representation of, 
427-39 
interconnection of 
Laplace transform for, 707—8 
z-transform for, 784 
inverse, 109-11, 734 
Laplace transform to analyze and 
characterize, 693—706 
causality, 693-95, 697 
linearity constant-coefficient 
differential equations, 
698—700 
stability, 695-98 
with and without memory, 108—9 
properties of, 103-8 
associative, 107—8 
commutative, 104 
distributive, 104—6 
response to complex exponentials, 
182-86, 226-31 
stability for, 113-15 
system functions for interconnections 
of, 707-8 
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unit impulse response of cascade of 
two, 107 
unit step response of, 115-16 
windowing in design of, 420-21 
z-transform to analyze and 
characterize, 774—83 
causality, 776—77 
stability, 777-79 
Linear constant-coefficient difference 
equations, 116, 121—24, 396-99, 
779-81 
finite impulse response (FIR) 
system, 122 
infinite impulse response (ПЕ) 
system, 123 
natural responses as solutions to, 122 
nonrecursive, 122 
recursive, 122, 123 
unilateral z-transform to solve, 
795-96 
Linear constant-coefficient differential 
equations, 116, 117-21, 330-33, 
698—700 
block diagram representation of, 
124-27 
initial rest condition, 119-20 
natural responses as solutions to, 
119, 121 
particular and homogeneous solutions 
to, 118-19 
unilateral Laplace transform to solve, 
719-20 
Linear feedback systems, 816—908. 
See also Feedback 
closed-loop, 818 
gain and phase margin, 835, 
858-66 
Nyquist stability criterion, 
846—58 
continuous-time, 850—55 
discrete-time, 856—58 
encirclement property, 847—50 
open-loop, 818 
properties and uses of, 819-20 
root-locus analysis of, 832-46 
angle criterion, 836—40 
end points, 836 
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equation for closed-loop poles, 
834-36 
properties of, 841-46 
sampled-data, 826-28 
Linear interpolation, 522-23, 526 
Linearity, 53—56 
Linearity property 
continuous-time Fourier series, 
202, 206 
continuous-time Fourier 
transform, 301 
discrete-time Fourier series, 221 
discrete-time Fourier transform, 373 
Laplace transform, 683-84 
unilateral, 717 
z-transform, 767 
unilateral, 793 
Log magnitude-phase diagram, 861—62, 
864—66 
Log-magnitude plots, 436—39 
Lossless coding, 46 
Lowpass filters, 237 
frequency response of, 374—75 
ideal 
continuous-time, 440, 442, 443 
discrete-time, 384, 442, 443 
frequency response of, 318 
impulse responses of, 321—22, 
384, 442 
step response of, 443 
RC, 239-41 
Lowpass-to-highpass transformations, 
498 
LTI. See Linear, time-invariant (LTI) 
systems 


Magnitude of complex number, 71 
Magnitude-phase representation 
Fourier transform, 423-27 
frequency response of LTI systems, 
427-39 
group delay, 430-36 
linear and nonlinear phase, 428—30 
log-magnitude and Bode plots, 
436-39 
Mass-spring-dashpot mechanical 
system, 824 
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Matched filter, 170-72, 275 
Measuring devices, imperfect, 355-56 
Memory, LTI systems with and without, 
108-9 
Memoryless systems, 44 
Michelson, Albert, 200 
Modulating signal, 583 
Modulation. See also Sinusoidal 
amplitude modulation 
angle, 611-13 
defined, 582 
discrete-time, 619-23 
double-sideband (DSB), 598 
percent, 591 
phase, 611-13 
pulse-amplitude, 604-10 
digital, 610 
intersymbol interference in, 607-10 
pulse-code, 610 
sinusoidal frequency, 583, 611-19 
narrowband, 613-15 
periodic square-wave modulating 
signal, 617-19 
wideband, 615-17 
Modulation index, 591, 614 
Modulation property, 323. See also 
Multiplication property 
Monge, G., 180 
Moving-average filters, 245-47, 476-82 
Multiplexing 
defined, 583 
frequency-division (FDM), 594-97 
quadrature, 646 
time-division (TDM), 604, 605 
Multiplication property 
continuous-time Fourier series, 
204, 206 
continuous-time Fourier transform, 
322-27 
discrete-time Fourier series, 221, 222 
discrete-time Fourier transform, 
388-90 
Multiplicities, 155 


Narrowband frequency modulation, 
613-15 
Natural frequency, undamped, 452-53 
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Natural responses, 119, 121, 122 
Negative (degenerative) feedback, 822, 
831-32 
Networks, lag and lead, 890 
Nonanticipative system, 46—47 
Noncausal averaging system, 47 
Nonideal filters, time-domain 
and frequency-domain 
characterization of, 444-47 
Nonrecursive filters. See Finite impulse 
response (FIR) filters 
Nonrecursive linear constant-coefficient 
difference equations, 122 
Normalized functions, 273 
Nyquist frequency, 519 
Nyquist plots, 853-58 
Nyquist rate, 519, 556 
Nyquist stability criterion, 846-58 
continuous-time, 850-55 
discrete-time, 856-58 
encirclement property, 847-50 


Odd harmonic continuous-time periodic 
signal, 262 
Odd signals, 13-14 
continuous-time Fourier series, 
206 
discrete-time Fourier series, 221 
Open-loop system, 818 
Open-loop frequency response, 821 
Operational amplifiers, 821, 896-97 
Orthogonal functions, 273-75 
Orthogonal signals, 280-81 
Orthonormal functions, 273-75 
Orthonormal signals, 280-81 
Oscilloscope, sampling, 534 
Overdamped system, 453 
Oversampling, 529 
Overshoot, 454 


Parallel-form block diagrams, 712, 713, 
787—89 
Parallel interconnection, 42-43 
Parity check, 610 
Parseval's relation 
continuous-time Fourier transform, . 
312-14 
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continuous-time Fourier series, 
205, 206 
discrete-time Fourier transform, 
380-82 
discrete-time Fourier series, 223 
Partial-fraction expansion, 909-20 
continuous-time signals and systems 
and, 910-16 
discrete-time signals and systems and, 
916-20 
Passband edge, 445 
Passband frequency, 237 
Passband ripple, 445 
Pendulum, inverted, 818-19 
Percent modulation, 591 
Period, sampling, 516 
Periodic complex exponentials, 
16—20, 186 
Periodic convolution, 222, 389—90 
continuous-time Fourier series, 206 
discrete-time Fourier series, 221 
Periodicity property of discrete-time 
Fourier transform, 373 
Periodic signals, 11—13. See also 
Fourier transform; Fourier series; 
Periodic complex exponentials; 
Sinusoidal signals 
continuous-time, 12 
discrete-time, 12 
power of, 312 
Periodic square wave 
continuous-time, 193-95, 200—201, 
209, 218-19, 285-86, 297-98 
discrete-time, 219-20, 224 
Periodic train of impulses 
continuous-time Fourier series of, 
208-10 
continuous-time Fourier transform of, 
299-300 
discrete-time Fourier transform of, 
371-72, 376 
Periodic signal, odd-harmonic, 262 
Phase (angle) of complex number, 71 
Phase lag, 491-92 
Phase lead, 491-92 
Phase margin in linear feedback systems, 
858-66 
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Phase modulation, 611-13 
Phase reversal, 532 
Phase shift, 428, 636 
Plant, 828 
Polar form for complex number, 71 
Poles 
closed-loop, 834-36 
Laplace transform, 660 
Pole-zero plot(s) 
all-pass systems, 682 
first-order systems, 676-77, 763-65 
Laplace transforms, 660-62, 674-82 
second-order systems, 678-80, 
765-67 
z-transform, 763—67 
Polynomials, Laguerre, 738 
Population dynamics, feedback model of, 
824-26 
Positive (regenerative) feedback, 
831-32 
Power of signals, 5—7, 312 
Power-series expansion method, 761—63 
Principal-phase function, 433, 434 
Proportional feedback system, 823-24 
Proportional (P) control, 905 
Proportional-plus-derivative 
feedback, 824 
Proportional-plus-integral (PI) 
control, 905 
Proportional-plus-integral-plus- 
differential (PID) control, 905 
Pulse-amplitude modulation, 604—10 
digital, 610 
intersymbol interference in, 607-10 
Pulse-code modulation, 610 
Pulse-train carrier, 601—4, 605 


Quadrature distortion, 636 
Quadrature multiplexing, 646 
Quality of circuit, 456 


Raised cosine frequency response, 629 

Rational frequency responses, Bode plots 
for, 456-60 

RC highpass filter, 241-44 

RC lowpass filter, 239-41 

Real exponential signals, 15, 22, 23 
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Real part 
complex number, 71 
Fourier series coefficients, 216, 217 
Real-part sufficiency, 350, 417 
Rectangular (Cartesian) form for 
complex number, 71 
Rectangular pulse 
continuous-time, 293-94 
discrete-time, 365-66 
Rectangular window, 420 
Recursive (infinite impulse response) 
filters, 123, 476 
Recursive linear constant-coefficient 
difference equations, 122, 123 
Regenerative (positive) feedback, 
831-32 
Region of convergence 
Laplace transform, 657—58, 662-70 
left-sided signal, 666, 669 
rational transform, 669 
right-sided signal, 665—66, 669 
two-sided signal, 666—68 
z-transform, 743-44, 748-57 
bounded by poles or infinity, 756 
centered about origin, 748—49 
finite-duration sequence, 749—50 
left-sided sequence, 751, 752 
right-sided sequence, 750-51, 752 
two-sided sequence, 751-53 
Right-half plane, 666 
Right-sided signal, 665-66 
Ringing, 443, 454 
Rise time, 352-53, 444 
Root-locus analysis, 832-46 
angle criterion, 836—40 
end points, 836 
equation for closed-loop poles, 834—36 
properties of, 841—46 
Running sum of discrete-time Fourier 
series, 221 


Sampled-data feedback systems, 
826-28 
Sampling, 29, 39, 514-81 
aliasing, 527-34 
bandpass signal, 564—65 
continuous-time signals, 4 
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discrete-time processing of 
continuous-time signals, 
534-45 
digital differentiator, 541—43 
half-sample delay, 543—45 
discrete-time signals, 545—55 
decimation and interpolation, 
549-55 
impulse train, 545—49 
impulse-train, 516—20, 545-49 
reconstruction using interpolation, 
522-27] 
with zero-order hold, 520—22, 523-26 
Sampling frequency, 516 
Sampling function, 516 
Sampling oscilloscope, 534 
Sampling period, 516 
Sampling property of continuous-time 
impulse, 35 
Sampling theorem, 514-15, 518 
Scaling (homogeneity) property, 53 
Scaling in z domain, 768—69, 793 
Scrambler, speech, 633—34 
Second harmonic components, 187 
Second-order continuous-time systems, 
451-56 
Second-order discrete-time systems, 
465-72 
Series (cascade) interconnection, 42 
Shifting property 
s-domain, 717 
unilateral z transform, 794—95 
Sifting property 
continuous-time impulse, 90—92 
discrete-time unit impulse, 77 
Signal(s), 1—38. See also Periodic signals 
continuous-time and discrete-time, 
1-7 
energy and power of, 5-7 
examples and mathematical 
representation of, 1-5 
sampling of, 4, 545-55 
exponential and sinusoidal, _ 
14-30, 186 
continuous-time complex, 15—21 
discrete-time complex, 21—30 
real, 22, 23 


transformation of independent 
variable, 7—14 
examples of, 8—11 
unit impulse and unit step functions, 
30-38 
continuous-time, 32—38 
discrete-time, 30—32 
Sinc functions, 295 
Single-sideband sinusoidal amplitude 
modulation, 597—601 
Singularity functions, 36, 67, 127-36. 
See also Unit impulse 
Sinusoidal amplitude modulation, 
583-87 
complex exponential carrier, 
583-85 
demodulation for, 587-94 
asynchronous, 590-94 ^ 
synchronous, 587-90 
discrete-time, 619-23 
frequency-division multiplexing 
(FDM) using, 594-97 
single-sideband, 597—601 
with sinusoidal carrier, 585-87 
Sinusoidal frequency modulation, 583, 
611-19 
narrowband, 613-15 
periodic square-wave modulating 
signal, 617-19 
wideband, 615-17 
Sinusoidal signals, 14—30, 186 
continuous-time complex, 15—21 
discrete-time, 24 
discrete-time complex, 21-30 
real, 22, 23 
Sinusoids, damped, 21 
Sliding, 85 
Spectral coefficient. See Fourier series 
coefficients 
Spectrum, 288, 361. See also Fourier 
transform 
energy-density, 312, 349, 381 
Speech scrambler, 633-34 
Square wave, periodic 
continuous-time, 193-95, 200—201, 
209, 218--19, 285-86, 297-98 
discrete-time, 219-20, 224 
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Stability, 48-50 
feedback systems, 858—66 
LTI systems, 113-15, 695-98, 
777-79 
Stabilization with feedback, 823—26 
Step-invariant transformation, 828, 908 
Step response, 115-16 
automotive suspension system, 476 
continuous-time ideal lowpass 
filter, 443 
discrete-time ideal lowpass filter, 443 
first-order discrete-time system, 
461, 463 
second-order discrete-time systems, 
466, 468 
Stopband edge, 445 
Stopband frequency, 237 
Stopband ripple, 445 
Stroboscopic effect, 533—34 
Sufficiency, real-part, 350, 417 
Summer, 44 
Superposition integral. See Convolution 
integral 
Superposition property, 53 
Superposition sum. See Convolution sum 
Suspension system, analysis of, 473-76 
Symmetry, conjugate, 204—5, 206, 221, 
303-6, 375 
Synthesis equation 
continuous-time Fourier series, 191 
continuous-time Fourier transform, 
288, 300, 314 
discrete-time Fourier series, 213 
discrete-time Fourier transform, 
361, 390 
System function(s), 227 
closed-loop, 820 
feedback path, 820 
forward path, 820 
interconnections of LTI systems, 
707-8 
Laplace transform as, 693, 701-13 
block diagram representations, 
708-13 
Butterworth filters, 703—6 
interconnections of LTI systems, 
707-8 
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z-transform as, 781—89 
block diagram representations, 
784-89 
interconnection of LTI systems, 784 
Systems, 38-56 
continuous-time and discrete-time, 
38—43 
examples of, 39—41 
first-order, 443-51, 461-65 
interconnections of, 41—43 
second-order, 451-56, 465-72 
properties of, 44—56 
causality, 46—48 
invertible and inverse, 45—46 
linearity, 53—56 
memory and memoryless, 44—45 
stability, 48—50 
time-invariance, 50—53 


Taylor series, infinite, 277 
Telescope, angular position of, 816-18 
Time, 3-4 
Time advance property of unilateral 
z-transform, 793 
Time constants, 448 
dominant, 500—501 
Time delay property of unilateral 
z-transform, 793 
Time-division multiplexing (TDM), 
604, 605 
Time-domain and frequency-domain 
characterization, 423—513 
continuous-time systems, 448-60 
Bode plots for rational frequency 
responses and, 456—60 
first-order, 448—51 
second-order, 451—56 
discrete-time systems, 461—72 
first-order, 461—65 
second-order, 465-72 
examples of, 472-82 
automobile suspension system, 
473—176 
discrete-time nonrecursive filter, 
476-82 
magnitude-phase representation 
Fourier transform, 423-27 


956 Signals and Systems, Second Edition 





frequency response of LTI systems, 


427-39 
nonideal filters, 444—47 
Time expansion property 
discrete-time Fourier series, 221 
discrete-time Fourier transform, 
377-80 
z-transform, 769-70 
unilateral, 793 
Time invariance, 50—53, 77 
Time reversal property, 8 
continuous-time Fourier series, 
203, 206 
continuous-time Fourier 
transform, 309 
discrete-time Fourier series, 221 
discrete-time Fourier transform, 
376-77 
Laplace transform, 687 
z-transform, 769 
Time scaling property, 8, 9, 10 
continuous-time Fourier series, 
204, 206 
continuous-time Fourier transform, 
308-9 
discrete-time Fourier series, 221 
discrete-time Fourier transform, 
377-80 
Laplace transform, 685-87 
unilateral, 717 
z-transform, 769-70 
unilateral, 793 
Time shifting property, 8—9, 10 
continuous-time Fourier series, 
202-3, 206 
continuous-time Fourier transform, 
301-3 
discrete-time Fourier series, 221 
discrete-time Fourier transform, 
373-75 
Laplace transform, 684 
z-transform, 767—68 
Time window, 420 
Tracking systems, 828-30 
Transfer function. See System 
function(s) 


Transformation 
bilinear, 814-15 
highpass-to-lowpass, 498 
of independent variable, 7—14 
lowpass-to-highpass, 498 
step-invariant, 828, 908 
Transition band, 445 
Transmodulation (transmultiplexing), 
discrete-time, 623, 624 
Triangular (Bartlett) window, 421 
Trigonometric series, 178-79 
Two-sided signal, 666-68 
Type / feedback system, 906 


Undamped natural frequency, 452-53 
Undamped system, 454 
Underdamped systems, 467 
Undersampling, 527—34 
Unilateral Laplace transform, 714—20 
examples of, 714-16 
properties of, 716-19 
solving differential equations using, 
719-20 
Unilateral z-transform, 742, 789-96 
examples of, 779—92 
properties of, 792-95 
solving difference equations using, 
795-96 
Unit circle, 743 
Unit delay, 125 
Unit doublets, 132-36, 172 
Unit impulse, 30-38 
cascade of two LTI systems and, 107 
continuous-time, 32—38, 127-36, 292 
defining through convolution, 
131-32 
as idealized short pulse, 128-31 
sifting property of, 90-92 
discrete-time, 30--32, 367 
sifting property of, 77 
representation of continuous-time LTI 
systems in terms of, 90-94 
representation of discrete-time LTI 
systems in terms of, 75—77 
Unit impulse response, discrete-time, 
77-90. See also Impulse response 


Index 


Unit ramp function, 135 
Unit step functions, 30—38 
continuous-time, 32-38 
discrete-time, 30-32 
Unit step response of LTI systems, 
115-16 
Unstable systems, feedback to stabilize, 
823-26 
Unwrapped phase, 433, 434 
Upsampling, 552, 553 


Variable, independent, 3-4 
transformation of, 7-14 


Walsh functions, 170, 276 

Wave, square. See Periodic square wave 

Wavelengths, 181 

Weighted average, 245 

Wideband frequency modulation, 
615-17 

Windowing, 420-22 


Zero-force equalizer, 649 
Zero-input response, 55—56, 720 
Zero-order hold, 520-22, 523-26 
Zeros of Laplace transform, 660 
Zero-state response, 720 
z-transform, 741-815 
bilateral, 742, 789 
defined, 742 
discrete-time Fourier transform 
and, 743 
geometric evaluation of, 763—67 
first-order systems, 763—65 
second-order systems, 765-67 
inverse, 757-63 
examples of, 79-92 
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LTI systems analysis and 
characterization using, 774-83 
causality, 776-77 E 
linear constant-coefficient 
difference equations, 779-81 
stability, 777—79 
pole-zero plot, 763-67 
properties of, 767—74 
conjugation, 770 
convolution, 770-72 
differentiation in z-domain, 772 
initial-value theorem, 773—74 
linearity, 767 
scaling in z-domain, 768-69 
table of, 775 
time expansion, 769-70 
time reversal, 769 
time shifting, 767—68 
region of convergence for, 743-44, 
748-57 
bounded by poles or infinity, 756 
centered about origin, 748—49 
finite-duration sequence, 749-50 
left-sided sequence, 751, 752 
right-sided sequence, 750—51, 752 
two-sided sequence, 751—53 
system functions, 781—89 
block diagram representations, 
784-89 
for interconnection of LTI 
systems, 784 
unilateral, 742, 789-96 
examples of, 789—796 
properties of, 792—95 
solving difference equations using, 
795-96 
z-transform pairs, 774, 776 


